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 Hemoproteins have one or more hemes , usually an iron protoporphyrin IX complex (Figure 1-1), in their 
active sites. They exhibit a variety of biological functions such as oxygen (O2) storage or transport 
(myoglobin (Mb) [1,2] or hemoglobin(Hb) [3,4]), electron transfer (cytochromes, etc.) [5,6], oxidase 
enzymes (peroxidase, etc.) [7], gas sensor (CooA [8], Fix L [9], etc.), NO metabolism [10], and so on. These 
functional properties of the proteins are evolved and regulated through the heme electronic structure and the 
heme environment furnished by nearby amino acid residues.  
  




Spectroscopic properties of hemoprotein 
 Hemoproteins have a lot of spectroscopic properties due to a heme moiety. For example, UV-vis 
spectroscopy [11], Nuclear Magnetic Resonance(NMR) [12], Resonance Raman spectroscopy [13], 
Mössbauer spectroscopy [14], and so on. Absorption spectrum arisen from π-π* transition of the heme is 
shifted by a change of external ligand in protein, which reflects electronic state of the heme. NMR is also 
used to characterize not only the heme electronic structure but also structure determination of hemoproteins. 
Especially in the presence of unpaired electron at heme iron, nuclei in close proximity of the heme are 
strongly affected by huge magnetic moment of the unpaired electron and exhibit paramagnetic shifts and 
paramagnetic relaxations in their NMR spectra [15]. Additionally, their chemical shift reflects the electronic 
structure of the heme and the environment of the active site. Resonance Raman spectroscopy has been 
applied widely to hemoproteins [16]. It is known that the visible Resonance Raman spectrum in the high 
wavenumber region (1200 –1700cm
-1
) reflects the oxidation state, coordination number, and the spin state of 
the heme iron [17,18]. Furthermore, Resonance Raman spectroscopy shows not only the direct interactions 
between the heme and its axial ligand, but also the heme environment furnished by nearby amino acid 
residues. In particular, the CO stretching frequency has long been used as a probe of structure and bonding in 
transition metal carbonyl complexes, including CO adducts of the hemeproteins [19]. The CO stretching 
frequency reflects the heme environment furnished by nearby amino acid residues through the resonance 
between the two canonical forms of the Fe
2+−CO fragment, represented by the valence bond formalism 
(Scheme 1-1) [20]. 
 
  
Scheme 1-1. Resonance between the two canonical forms of the Fe-CO fragment, 




 Mb, an O2 storage protein found in muscle tissues, is probably the most studied protein, because it has 
simple structure and function. Structure of Mb determined by X-ray crystallography is illustrated in Figure 
1-2 [21,22]. Mb has eight α-helices (labeled A-H form N tenminal of the polypeptide chain), which form 
hydrophobic space called “heme pocket”, and a single heme (Figure 1-1) is accommodated in the space. The 
heme iron is coordinated to the protein through a histidine residue, the 8th residue in the F helix (His F8 or 
His93), as fifth ligand of the heme iron. O2 binds reversibly to ferrous heme Fe atom as 6th ligand in Mb, 
and the O2 binding properties of the protein have been shown to be obtained through subtle tuning of the 
















Figure 1-2. X-ray structure of Mb (PDB:1A6M). 
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Function of myoglobin 
 Function of Mb is described by scheme 1-2. Scheme 1-2A is the deoxy form of Mb(deoxy Mb). O2 binds 
reversibly to heme Fe atom in Mb, the binding of O2 to the heme Fe is stabilized by the hydrogen bonding 




has been expected for the Fe
2+
 −O2 bond (Scheme 1C) [25,26].  This process is oxygenation of Mb. 
However, oxygenated Mb is easily oxidized to metMb, which cannot bind O2 (Scheme 1D and 1E) [27].  
MetMb loses the ability of binding O2. This process is known as “autoxidation”. Understanding of the Mb 
function demands elucidation of the mechanisms responsible for control of both the O2 aﬃnity and 
autoxidation.  
O2 affinity of Mb is described in a form of the so-called oxygen equilibrium curve (OEC) (OEC is the plots 
of the degree of oxygenation, i.e., % of O2-bound Mb, vs. partial pressure of O2 (Figure 1-3)). OEC of Mb 





















Scheme 1-2. Function of Mb. A: deoxyMb. B: The binding of O2 to heme Fe atom is stabilized by the 
hydrogen bonding between the Fe
2+
 -bound O2 and His64 C: Proposed state of binding O2 to heme Fe D: 
Intermediate state of auoxidation E: MetMb 
A B C D E 
Figure 1-3. OEC of Mb 
Figure 1-3. OEC of Mb 
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O2 versus CO discrimination in oxygen binding hemoprotein.  
 Two types of Mb or Hb have been reported to exhibit the M values, the ratio between the equilibrium 
constants for CO and O2 binding (K(CO)/K(O2)) [28], less than unity.  One is Hbs derived from parasitic 
nematode Pseudoterranova decipiens [29] and Ascaris suum [29], and trematode Paramphistomum epiclitum 
[30], Gastrothylax crumenifer [31], and Explanatum explanatum [31]. The other is Mb reconstituted with an 
iron-porphycene complex [32]. Monomeric Paramphistomum epiclitum Hb (PeHb) has been subjected to 
systematic mutation studies in order to elucidate molecular mechanisms responsible for control of its ligand 
binding properties [30]. PeHb possesses two Tyr residues at the B10 and E7 positions (B10 represents the 
10th residue in the B helix and so forth), and exhibits the M value of 0.19 [30]. PeHb exhibited unusually 
small the rate constant for O2 dissociton (koff(O2)) value, i.e., 0.07 s
-1
[33].  The remarkably small koff(O2) 
value of PeHb has been proposed to be due to the stabilization of Fe(II)-bound O2 through hydrogen bonding 
with the two Tyr residues at the B10 and E7 positions, in addition to other nearby residues [31].  On the 
other hand, its relatively large the rate constant for O2 association (kon(O2)) and the rate constant for CO 
association (kon(CO)) values are likely to be inherited from a protein folding motif characteristic of O2 
binding hemoproteins, so-called the globin fold, with low kinetic barrier for the ligand entry [33], because 
these values are thought to be primarily determined by the heme pocket polarity and the accessibility of 
exogenous ligand to the heme pocket [30].  In addition, the rate constant for CO dissociton (koff(CO)) value 
of PeHb reflects the intrinsically large stability of Fe(II)-bound CO in O2 binding hemoprotein.  Thus the 
preferential binding of O2 over CO in PeHb was achieved through remarkably high O2 affinity due to 
considerable reduction of the koff(O2) value. In a similar way, the preferential binding of O2 over CO in Mb 
reconstituted with an iron-porphycene complex was achieved through marked reduction of the koff(O2) value 





Regulation of Mb function by amino acid residues around the heme 
 In order to elucidate roles of amino acid residues in the mechanistic relationship between the O2 aﬃnity and 
autoxidation of Mb, Site-directed mutagenesis studies have been studied. Olson and his associates [2,35] 
have investigated a great variety of artiﬁcial mutants. For example, the H64L mutant, in which His64 is 
replaced by Leu in order to remove the His64 H-bonding, exhibits low O2 affinity and large autoxidation rate 
[36]. The removal of the His64 H-bonding decreases the stability of the O2 bound state. On the other hand, 
the L29F mutant, where Leu29 is replaced by Phe, exhibits high O2 aﬃnity and small autoxidation rate 
[36,37]. The Fe-bound O2 in the L29F mutant is stabilized by not only the His64 H-bonding, but also unique 
electrostatic interaction with the introduced Phe29. Hence, there is relationship between the stability of O2 
bound state in Mb and the O2 affinity of the protein, i.e., Mb possessing lower (higher) O2 aﬃnity exhibits a 
larger (smaller) autoxidation rate. 
 There is an extensive hydrogen bond network among Leu89, Ser92, His93, and heme in the heme active 
site of Mb such that NδH hydrogen of His93 is hydrogen boded to the carbonyl O atom of Leu89 and Oγ of 
Ser92, and the OγH of Ser92 to the carboxylate group of the heme-12-propinate (Figure 1-4) [38,39]. By 
removing hydrogen bonding interactions between Ser92 and His93 and a heme propionate, hydrophobicity 
of the heme pocket increases [40]. Then redox potential of the heme increasese. This hydrogen bond is also 























Figure 1-4. Hygrogen bond between NδH hydrogen of His93 is hydrogen boded to the 
carbonyl O atom of Leu89 and Oγ of Ser92.(PDB:2BLI) 
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Electronic control of ligand-binding properties of myoglobin 
 Sono et al. [41] demonstrated that substitution(s) of electron-withdrawing formyl group(s) in heme side 
chain(s) results in increasing CO aﬃnity. However, the relationship between the heme electronic structure 
and Fe reactivity has remained to be clariﬁed. Because it is difﬁcult to change the heme electronic structure 
large enough to allow quantitative characterization of the structure-function relationship of Mb. 
Recently, Shibata et al. [42] found novel regulation of the Mb functions through electron density of heme 
Fe atom (ρFe). They utilized chemically modiﬁed heme cofactors possessing a heme Fe atom with a variety 
of electron densities (Fig. 1-5). To greatly alter ρFe, they substituted strongly electron-withdrawing 
triﬂuoromethyl(CF3) group(s), as peripheral sidechain(s) of the heme cofactor, to prepare 
13,17-bis(2-carboxylatoethyl)-3,8-diethyl-2,12,18-trimethyl-7-triﬂuoromethylporphyrinatoiron(III)(7-PF) 
[43], 17-bis(2-and 3,17-bis(2-carboxylatoethyl)-3,7-diethyl-12,18-trimethyl-2,8-ditrifluoromethylporphyrinatoiron 
(III)(2,8-DPF)[42]. In addition, mesoheme(Meso) and 3,8-dimethyldeuteroporphyrinatoiron(III) 
(3,8-DMD)[44,45] were used as counterparts of 7-PF and 2,8-DPF, respectively. Because there is no covalent 
bond between heme and His93, the heme can be removed from the heme poket by using organic solvent at an 
acidic pH (Fig. 1-6) [46]. Obtained apoMb can be reacted with a chemically-modified heme to prepare 
reconstituted protein. This reaction is called “reconstitution”. Using this method, reconstituted Mbs with a 
variety of chemically modiﬁed heme cofactors were prepared to elucidate the effects of a change in the ρFe 
value on the O2 aﬃnity and autoxidation reaction rate of the proteins. Pairwise comparison between proteins 
reconstituted with Meso and 7-PF, and between proteins reconstituted with 3,8-DMD and 2,8-DPF, provides 
the structural and functional consequences of the substitution of one and two CF3 groups, respectively. The 
ρFe value was manifested in the pKa one through its eﬀect on the H
+
 aﬃnity of the Fe3+-bound OH-(Figure 
1-7). They demonstrated that Mb possessing a smaller (larger) ρFe value exhibits lower (higher) O2 aﬃnity 
























































































































































































































































































































































































Fig. 1-7 Preparation of (A) apoprotein, (B) Reconstitution, 
and (C) heme reorientation reaction.  
Figure 1-6. Preparation of (A)apoprotein, (B)reconstitution and (C)heme reorientation reaction. 




The purpose of this study 
 In this dissertation, the molecular mechanism responsible for control of functional properties of myoglobin 
through the heme electronic structure and heme environment is discussed. 
 
 In chapter 2, quantitative evaluation method of electron density of the heme Fe atom (ρFe) in the proteins is 
described. I found that the stretching frequency of Fe-bound CO(νCO) increases with decreasing the ρFe value. 
 
 In chapter 3, the O2 and CO binding properties of the H64L mutant of myoglobin are described. I found that 
the O2 and CO aﬃnities of Mb lacking the His64 H-bonding can be controlled solely by the ρFe value.  
A novel relationship between the regulation of the Mb function through the heme environment furnished by 
the His64 H-bonding and that effect of intrinsic heme Fe reactivity through the ρFe value is revealed. 
 
In chapter 4, the O2 versus CO ligand binding preference of the L29F mutant is controlled through altering 
the Fe value. I demonstrated the ratio between the equilibrium constants for CO and O2 binding of Mb can 
be regulated over a range of 105 through combined use of the chemical modiﬁcation of heme cofactors and 
the replacements of amino acid residues in the distal heme pocket. 
 
In chapter 5, the effect of a change in the ρFe value on the electronic nature of the His93 imidazole in deoxy 
Mb is discussed. I found that the bond between the heme Fe atom and His93 becomes stronger with 
increasing number of CF3 substitutions because of an increase in acidity of the His93NδH hydrogen bonded 
to the carbonyl O atom of Leu89. 
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Relationship between the electron density of the heme Fe atom and the vibrational frequencies 
of the Fe-bound carbon monoxide in myoglobin 
 
 
Abstract   
The vibrational frequencies of the Fe-bound carbon monoxide (CO) of myoglobin reconstituted with a 
series of chemically-modified heme cofactors possessing a heme Fe atom with a variety of electron densities 
have been analyzed.  The study revealed that the stretching frequency of Fe-bound CO (CO) increases with 
decreasing electron density of the heme Fe atom (Fe).  This finding demonstrated that the CO value can be 
used as a sensitive measure of the Fe value, and that the  back-donation of the heme Fe atom to CO is 




Myoglobin (Mb), the oxygen (O2) storage hemoprotein, has been regarded as a useful model system for 
understanding the structure-function relationships of metalloproteins [1-6]. O2 binds reversibly to the ferrous 
heme Fe atom in Mb, and the O2 binding properties of the protein have been shown to be obtained through 
subtle tuning of the intrinsic heme Fe reactivity, in addition to the heme environment furnished by nearby 
amino acid residues [4,5].  The importance of the heme electronic structure, particularly the electron density 
of the heme Fe atom (ρFe), in the regulation of the heme Fe reactivity in the protein is now beginning to be 
realized [7,8]. Hence, the establishment of methodology for quantitative estimation of the ρFe value of Mb is 
needed to gain a deeper understanding of the molecular mechanism responsible for the regulation of the 
heme Fe reactivity through the ρFe value. It is previously used the equilibrium constant, pKa, of the so-called 
“acid-alkaline transition” in metmyoglobin (metMb) to estimate the ρFe value in the protein (Figure 2-1) [7]. 
MetMb possessing highly conserved 
distal His64 has H2O and OH
-
 as 
coordinated external ligands under low 
and high pH conditions, respectively 
[1,9-12]. The ρFe value is manifested in 
the pKa one through its effect on the H
+
 




. Thus, this 
methodology is applicable only to Mbs 
capable of accommodating H2O as an 
external ligand to the ferric heme Fe 
atom under low pH condition.  Generally, 
in Mbs lacking distal His64, irrespective 
of whether they are naturally occurring 
mutants [13-18] or genetic ones [19], the 
sixth coordination site is either partially 
occupied by H2O or empty.  
Consequently, other physicochemical parameters are needed to estimate the ρFe values of the proteins. 
Figure 2-1.  Plots of Mulliken charges of the heme iron 
atoms calculated for the model compounds against the 
equilibrium constant (pKa) of the “acid-alkaline transition” 
(see inset) in metMb.  The Mulliken charges for the hemes 
were adopted from Shibata et al.,[6] and the charge for 
3,8-DMD was assumed to be equal to that for Meso.  The 
value of 9.1 ± 0.1 has been reported for the pKa one of 
Mb(3,8-DMD).[8]  The plots can be represented by a 
straight line, supporting the validity of the use of the pKa 
value as an indicator of the electron density of the heme iron 
atom in the protein. 
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In this chapter, I focused on carbon monoxide(CO) adducts of Mbs(MbCOs), because not only CO is 
known to be inevitably bound to the proteins, but also the proteins each possess a physiologically active 
ferrous heme Fe atom. I observed the vibrational frequencies of the Fe-bound CO [20-22], that is, the 
stretching frequency of Fe-bound CO(CO), and the Fe-C stretching(FeC) and Fe-C-O bending frequencies 
(FeCO) in native Mb and two mutant Mbs. One is H64L mutant, which is removed the distal His64. The 
another mutant is L29F mutant, which stabilizes the Fe(II)-bound O2 state due to a unique electrostatic 
interaction with the introduced Phe29, in addition to hydrogen bond with distal His64. Then native Mb and  
mutant proteins were reconstituted with mesoheme(Meso), 3,8-dimethyldeuteroporphyrinatoiron(III) 
(3,8-DMD) [23,24], 13,17-bis(2-carboxylatoethyl)-3,8-diethyl-2,12,18-trimethyl-7-trifluoromethylporphyrinatoiron(III) 
(7-PF) [25] and13,17-bis(2- carboxylatoethyl)-3,7-diethyl-12,18-trimethyl-2,8-ditrifluoromethylporphyrinatoiron(III) 
(2,8-DPF) [7], that are, Mb(H), H64L(H), and L29F(H), where H is Proto, Meso, 3,8-DMD, 7-PF, or 
2,8-DPF. These heme cofactors differ in the numbers of CF3, CH3, and C2H5 side chains (Figure 2-2). Based 
on the pKa values of the proteins, these heme cofactors could be ranked as Mb(2,8-DPF) < Mb(7-PF) < 
Mb(3,8-DMD) ≈Mb(Meso), in order of increasing Fe value (Figure 2-1). I found that the CO value of a 
protein correlates well with the pKa value in such a manner that Mb possessing a lower pKa value exhibits a 
higher CO one. The relationship between the CO and pKa (and hence Fe) values could be interpreted in 
terms of the resonance between the two canonical forms of the Fe-CO fragment [26].  The study not only 
revealed the relationship between the COand Fe values, but also demonstrated that the CO value can be 










Figure 2-2. Schematic representation pf structures of the heme cofactors used in this study, i.e., 





 reprents –CH2CH2COOH. 
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MATERIALS AND METHODS 
Materials and protein samples.  All reagents and chemicals were obtained from commercial sources and 
used as received.  Sperm whale Mb was purchased as a lyophilized powder from Biozyme and used without 
further purification. The expression and purification of the H64L mutant (H64L(Proto)) were carried out 
according to the method described by Springer et al.[27]. The expression and purification of the L29F mutant 
protein (L29F(Proto)) were carried out according to the methods described by Carver et al.[28]. Mesoheme 
(Meso) was purchased from Frontier Scientiﬁc Co. 3,8-DMD [23,24], 7-PF [25], and 2,8-DPF [7] were 
synthesized as previously described. The apoprotein of Mb(apoMb), H64L mutant(H64L(Proto)) and L29F 
mutant(L29F(Proto) were prepared at 4 °C according to the procedure of Teale [29] and reconstituted Mbs 
and mutant proteins were prepared by slow addition of a synthetic heme cofactor to the apoMb in 50 mM 
potassium phosphate buffer, pH 7.0, at 4 °C.  In order to prepare CO bound protein, oxidazid protein was 
reduced by adding Na2S2O4 (Nakalai Chemicals Ltd.) in the presence of CO gas (Japan Air Gases), and then 
the protein was freed from excess reagents by passage through a Sephadex G-10 (Sigma-Aldrich Co.) 
column equilibrated with an appropriate buffer solution. Met-cyano forms of the Mb and mutant proteins, i.e., 
MbCN, H64LCN, L29FCN were prepared by adding KCN (Nakalai Chemicals Ltd.) to met-forms of the 
proteins obtained through oxidation of the proteins using K3Fe(CN)6 (Nakalai Chemicals Ltd.). The pH of 
each sample was measured with a Horiba F-22 pH meter equipped with a Horiba type 6069-10c electrode.  




H spectra of H64LCNs and L29FCNs were recorded on a Bruker AVANCE-400 
spectrometer operating at 
1
H frequency of 400 MHz.  Typical 
1
H NMR spectra consisted of about 20k 
transients with a 100 kHz spectral width and 16k data points.  The signal-to-noise ratio of the spectra was 
improved by apodization, which introduced ~10 Hz line broadening.  The chemical shifts of 
1
H NMR 




HO, as an internal reference. 
 
Resonance raman spectroscopy.  Resonance raman scattering was performed with excitation at 413.1 nm 
with a Kr
+
 laser (Spectra Physics, BeamLok 2060), dispersed with a polychromator (SPEX 1877, 1200 
grooves/mm grating), and detected with a liquid nitrogen-cooled charge coupled device (CCD) detector 
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(CCD-1024×256-OPEN-1LS, HORIBA Jobin Yvon) [30].  A laser power of 1.6 mW was used for the 








O, were purchased from SI Science Co., Ltd, Japan.  
Raman shifts were calibrated with indene as a frequency standard.  The accuracy of the peak positions of 
well-defined Raman bands was ±1 cm
−1
.  The protein concentrations were approximately 40 μM in 100 mM 









H NMR spectra of met-cyano forms of the H64L and L29F proteins. 
1
H NMR spectra of the 
met-cyano forms of the H64L mutant proteins, i.e., H64L(Proto)CN, H64L(Meso)CN, H64L(3,8-DMD)CN, 
H64L(7-PF)CN, and H64L(2,8-DPF)CN, are shown in Figure 2-3, and those of the L29F mutant proteins, 
i.e., L29F(Proto)CN, L29F(Meso)CN, L29F(3,8-DMD)CN, L29F(7-PF)CN, and L29F(2,8-DPF)CN, in 
Figure 2-4. The paramagnetically-shifted NMR signals due to heme side chain protons and amino acid 
protons in close proximity to the heme in a protein have been shown to be quite sensitive to the heme 
electronic structure and the heme active site structure, respectively[31－33].  The shift patterns of the 
paramagnetically-shifted 
1
H NMR signals of the H64L and L29F mutant proteins were similar to those of the 
native proteins possessing the identical heme cofactors, indicating that the heme cofactors of the mutant 
proteins were accommodated properly as for those in the native ones [7].  Similarity in the shifts of Ile99 CH3 
and CH proton signals (Figure 2-5), resolved at ~-4 and ~-10 ppm, respectively, among the mutant proteins, 
supported that the orientations of the heme cofactors with respect to the polypeptide chains in these mutant 
proteins are similar to each other.  In addition, the observation of two sets of heme methyl proton signals in 
the spectra H64LCN(Meso), H64LCN(7-PF), and L29F(7-PF)CN, with the ratios of 9:1, 1:2.2 and 1:2 for major 
form (M):minor form (m), respectively, is due to the presence of well-known heme orientational isomers [34], 













Figure 2-3. 400 MHz 
1
H NMR spectra of met-cyano forms of the H64L mutant myoglobin and the 
proteins reconstituted with mesoheme at pH 6.91 (A), 7-PF at pH 7.57 (B), 2,8-DPF at pH 7.40 
(C), and native Mb at pH 7.40 (D) in 90% H2O/10% 
2
H2O at 25 
o
C.  The assignments of heme 
methyl and Ile99 proton signals are given with the spectra, and M and m forms in the inset 
represent the two different orientations of the heme, relative to the protein [34]. Corresponding 
signals are connected by a broken line. 
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Figure 2-4. 600 MHz 
1
H NMR spectra of L29F(Meso)CN, L29F(3,8-DMD)CN, L29F(7-PF)CN, 
L29F(2,8-DPF)CN, and L29F(Proto)CN at pH 7.40 in 90% H2O/10% 
2
H2O at 25 
o
C.  The 
assignments of Ile99 proton signals and the tentative ones of heme methyl proton signals are given 
with the spectra, and the M and m forms in the inset represent the two different orientations of 
7-PF, relative to the protein[34]. Corresponding signals are connected by a broken line. 
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Figure 2-5. Orientation of Ile99, with respect to heme, in met-cyano form of Mb 
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Vibrational frequencies of Fe-bound CO of the Mb and mutant proteins.  The νCO, νFeC, and δFeCO 
values of native MbCO proteins are summarized in Table 2-1. The νCO bonds of the proteins are shown in 
Figure 2-6. The CO band of the protein contained multiple components (Figure 2-6), and the observation of 
the multiple CO bands is not due to the heme orientational disorder, because of the observation of similar 
multiple bands in the spectra of Mbs reconstituted with C2 symmetric hemes, that is, 3,8-DMD and 2,8-DPF.  
Consequently, the doublets in Figure 2-6 are due to the presence of multiple conformational states of the 
Fe-CO fragment [35]. Thus the increase in number of CO bands upon the substitution of CF3 group(s) 
suggested that the number of conformational states taken by the Fe-CO fragment increases with decreasing 
Fe value, possibly due to weakening of the Fe-CO bond.  The positions of the individual component CO 
bands of the native Mbs were determined through fitting with Voigt profiles[36], which are convolutions of 
Gaussian and Lorentzian functions (Figures 2-7－2-11). The high and low frequency CO values (CO(H) and 
CO(L) values, respectively), and the weighted-average by the intensity of each band (CO(ave)) of native Mbs 
were determined. As shown in Figure 2-6, the CO bands of native MbCO appeared at 1947 cm
-1
 with a 
shoulder at 1935 cm
-1
 (Figure 2-6), and the determined values were larger by 2-3 cm
-1
 than those previously 
reported, that is, a main band at 1944 cm
-1
 with a shoulder near 1933 cm
-1
[37]. Since the CO bands were 
considerably broad (Figures 2-7－2-11), uncertainty of 2-3 cm-1 would be associated, as a method-dependent 
variation, with determination of the positions of the individual component bands. The FeC band of the native 
Mb also appeared as unresolved multiple peaks, possibly due to the multiple conformational states of the 
Fe-CO fragment, as in the case of the CO band, and hence accurate determination of their positions was quite 
difficult.  CO isotope substitution measurements were made to estimate the frequencies of the FeC bands of 
the proteins (Figure 2-12). Finally, in contrast to the νCO and νFeC bands, the δFeCO one was observed as a 
single component, although the band overlapped with other unassigned porphyrin ones.  Hence, the position 
of the δFeCO band was determined through fitting with Voigt profiles [36](Figures 2-13－2-17). 
As shown in Table 2-1, the νCO, νFeC, and δFeCO values were all affected by the heme modifications.  In 
particular, the νCO value increased dramatically with the CF3 substitutions (Table 2-1).  This finding is 
consistent with those of Tsubaki et al.[37], who demonstrated that the νCO value increased upon replacement 
of the heme vinyl group(s) with electron-withdrawing formyl one(s).  Comparison of the νCO(H) values of the 
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proteins yielded a difference of 7 cm
-1
 for the Mb(Meso)/Mb(7-PF) system, which is half the value, 13 cm
-1
, 
for the Mb(3,8-DMD)/Mb(2,8-DPF) one.  Similarly, comparison of the νCO(L) values yielded a difference of 
8 cm
-1
 for the Mb(Meso)/Mb(7-PF) system, which is also half the value, 15 cm
-1
, for the 
Mb(3,8-DMD)/Mb(2,8-DPF) one. These results demonstrated the additive effect of the heme π-system 
perturbation on the νCO value, as reported for the formyl substitution system[37]. Furthermore, comparison of 
the νFeC bands of the proteins yielded a difference of 1 cm
-1
 for the Mb(Meso)/Mb(7-PF) system, which is 
half the value, 2 cm
-1
, for the Mb(3,8-DMD)/Mb(2,8-DPF) one, which also demonstrated the additive effect 
of the heme π-system perturbation on the νFeC value, although the effect was rather small. 
Finally, the low frequency shift of the δFeCO value with increasing number of CF3 substitutions suggested 
that the orientation of the Fe-bound CO, with respect to the heme, in a protein is affected by the ρFe value. 
Table 2-1.  Vibrational Frequencies of the Fe-bound CO and Fe-bound O2 of the L29F mutant 
proteins, native Mbs, and the H64L mutant proteins at pH 7.40 and 25 °C. 
 
a: The C-O stretching frequency of the Fe-bound CO.  
b: The Fe-C stretching frequency of the Fe-bound CO. 
c: The Fe-C-O bending frequency of the Fe-bound CO.  
d: νCO value of the high-frequency band (Figures 7－11). 
e: νCO value of the low-frequency band (Figures 7－11). 









Figure 2-6. High-frequency regions of visible resonance raman spectra of MbCO(Meso), 
MbCO(3,8-DMD), MbCO(7-PF), MbCO(2,8-DPF), and native MbCO at pH7.40 and 25 °C.  The 
positions of the individual component νCO bands of the proteins determined through fitting with 
Voigt profiles
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Figure 2-7. Visible resonance raman spectrum of CO form of Mb(Meso)  in 100 mM potassium 
phosphate buffer pH 7.4 at 25 °C.  Residual error (the difference between the experimental and 
theoretical values) (top), observed (blue) and simulated (red) νCO bands (middle), and simulated 





Figure 2-8. Visible resonance raman spectrum of CO form of Mb(3,8-DMD)  in 100 mM 
potassium phosphate buffer pH 7.4 at 25 °C.  Residual error (the difference between the 
experimental and theoretical values) (top), observed (blue) and simulated (red) νCO bands 
(middle), and simulated individual bands (bottom).  A green line in the middle illustration 





Figure 2-9. Visible resonance raman spectrum of CO form of Mb(7-PF)  in 100 mM potassium 
phosphate buffer pH 7.4 at 25 °C.  Residual error (the difference between the experimental and 
theoretical values) (top), observed (blue) and simulated (red) νCO bands (middle), and simulated 




 Figure 2-10. Visible resonance raman spectrum of CO form of Mb(2,8-DPF)  in 100 mM 
potassium phosphate buffer pH 7.4 at 25 °C.  Residual error (the difference between the 
experimental and theoretical values) (top), observed (blue) and simulated (red) νCO bands 
(middle), and simulated individual bands (bottom).  A green line in the middle illustration 




Figure 2-11. Visible resonance raman spectrum of CO form of Mb(Proto)  in 100 mM 
potassium phosphate buffer pH 7.4 at 25 °C.  Residual error (the difference between the 
experimental and theoretical values) (top), observed (blue) and simulated (red) νCO bands 
(middle), and simulated individual bands (bottom).  A green line in the middle illustration 




 Figure 2-12. Low frequency regions of visible resonance raman spectra of CO forms of Mb(Meso) (A), 
Mb(3,8-DMD) (B), Mb(7-PF) (C), and Mb(2,8-DPF) (D) at 25 
▫
C and pH7.4.  In the spectra of each 
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 Figure 2-13.  Visible resonance raman spectrum of CO form of Mb(Meso)  in 100 mM 
potassium phosphate buffer pH 7.4 at 25 °C.  Residual error (the difference between the 
experimental and theoretical values) (top), observed (blue) and simulated (red) dFeCO bands 
(middle), and simulated individual bands (bottom).  A green line in the middle illustration 





Figure 2-14.  Visible resonance raman spectrum of CO form of Mb(3,8-DMD)  in 100 mM 
potassium phosphate buffer pH 7.4 at 25 °C.  Residual error (the difference between the 
experimental and theoretical values) (top), observed (blue) and simulated (red) dFeCO bands 
(middle), and simulated individual bands (bottom).  A green line in the middle illustration 




 Figure 2-15.  Visible resonance raman spectrum of CO form of Mb(7-PF)  in 100 mM 
potassium phosphate buffer pH 7.4 at 25 °C.  Residual error (the difference between the 
experimental and theoretical values) (top), observed (blue) and simulated (red) dFeCO bands 
(middle), and simulated individual bands (bottom).  A green line in the middle illustration 





Figure 2-16.  Visible resonance raman spectrum of CO form of Mb(2,8-DPF)  in 100 mM 
potassium phosphate buffer pH 7.4 at 25 °C.  Residual error (the difference between the 
experimental and theoretical values) (top), observed (blue) and simulated (red) dFeCO bands 
(middle), and simulated individual bands (bottom).  A green line in the middle illustration 





Figure 2-17.  Visible resonance raman spectrum of CO form of Mb(Proto)  in 100 mM 
potassium phosphate buffer pH 7.4 at 25 °C.  Residual error (the difference between the 
experimental and theoretical values) (top), observed (blue) and simulated (red) dFeCO bands 
(middle), and simulated individual bands (bottom).  A green line in the middle illustration 




Vibrational frequencies of Fe-bound CO of the H64L proteins. The νCO, νFeC, and δFeCO values of the 
H64L proteins are listed in Table 2-1. The mutant protein exhibited a single νCO band, as shown in Figure 
2-18, and this is in sharp contrast to the case of the native protein exhibiting the νCO band composed of 
multiple components (Figure 2-6) possibly due to the presence of multiple conformational states of the 
Fe-CO fragment [35]. This result demonstrated the significant effect of the conformational properties of the 
His64 side chain on the CO band of the protein. The νFeC and δFeCO bonds of the H64L series were observed 
as a single component (Figures 2-19 and 2-20). The νCO, νFeC and δFeCO values of H64LCO(Proto) were 
determined to be 1969, and 491 cm
-1
, respectively, and these values were similar to the corresponding ones 
previously reported by Anderton et al.[38], i.e., 1966, and 489, and 573 cm
-1
 respectively. 
As shown in Table 2-1, the νCO and νFeC values of H64LCO(Proto) were larger and smaller, respectively, by 
~20 cm
-1
, relative to the corresponding ones of MbCO(Proto), whereas the FeCO one is affected only slightly 
by the mutation.  The reciprocal relationship between the CO and FeC values has been reported for a variety 
of hemoproteins, and has been interpreted in terms of an admixture of two alternative canonical forms of the 
Fe-CO fragment illustrated in Scheme 2-1 [39,40]. Hence, the changes of the CO and FeC values due to the 
H64L mutation have been attributed to the effect of the removal of the electrostatic field exerted by the 
His64 side chain on the resonance of the Fe-CO fragment. 
   
 
Scheme 2-1. Resonance between the two canonical forms of the Fe-CO fragment, represented by 
the valence bond formalism [39,40]. 
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Comparison of the determined values among the mutant proteins revealed that the CO, FeC, and FeCO 
values were all affected by the heme cofactor modifications.  In particular, the CO value increased 
dramatically with the CF3 substitutions(Table 2-1). Comparison of the CO values of the mutant proteins 
yielded a difference of 7 cm
-1
 for the H64L(Meso)/H64L(7-PF) system, which is half the value, 14 cm
-1
, for 
the H64L(3,8-DMD)/H64L(2,8-DPF) one. These results demonstrated the additive effect of the heme 
-system perturbation on the CO value for the mutant protein. In addition, the CO values of the mutant 
proteins were larger by 21 – 22 cm-1 relative to the high frequency CO values(CO(H)), i.e., the position of the 
highest-frequencyband among the multiple CO band components (Figure 2-6), of the native ones possessing 
the identical heme cofactors, indicating that the effect of the H64L mutation on the CO value is essentially 
independent of the heme cofactors. On the other hand, the FeC values of the mutant proteins were smaller by 
21 – 28 cm-1 relative to those of the native ones possessing the identical heme cofactors. Comparison of the 
FeC values of the mutant proteins yielded differences of 1 and 11 cm
-1
 for the H64L(Meso)/H64L(7-PF) and 
H64L(3,8-DMD)/ H64L(2,8-DPF) systems, respectively.  Hence, in contrast to the case of the CO value, an 
additive effect of the heme -system perturbation was not observed for the FeC value.  Finally, as also 
observed for the native Mb proteins, the low frequency shift of the FeCO value with increasing number of 
CF3 substitutions suggested that the orientation of the Fe-bound CO, with respect to the heme, in the mutant 
protein is affected by the Fe value. 
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Figure 2-18. High-frequency regions of visible resonance raman spectra of H64LCO(Meso), 
H64LCO(3,8-DMD), H64LCO(7-PF), H64LCO(2,8-DPF), and H64LCO(Proto) at pH7.40 




Figure 2-19. Low-frequency regions of visible resonance raman spectra of H64LCO(Meso), 
H64LCO(3,8-DMD), H64LCO(7-PF), H64LCO(2,8-DPF), and H64LCO(Proto) at pH7.40 
and 25 °C. 
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 Figure 2-20. Low-frequency regions of visible resonance raman spectra of H64LCO(Meso), 
H64LCO(3,8-DMD), H64LCO(7-PF), H64LCO(2,8-DPF), and H64LCO(Proto) at pH7.40 
and 25 °C. 
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Vibrational frequencies of Fe-bound CO of L29F proteins. The stretching frequency of the Fe-bound CO 
(CO), together with the Fe-C stretching(FeC) and Fe-C-O bending frequencies(FeCO) (Figures 2-21 and  
2-22), in the CO form of the L29F mutant proteins possessing various heme cofactors were determined using 
resonance raman spectroscopy (Table 2-1). The CO, FeC, and FeCO values of L29F(Proto) were determined 
to be 1933, 524, and 581 cm
-1
, respectively, these values being essentially identical to the corresponding ones 
previously reported by Anderton et al.[41]. The CO values of the L29F mutant proteins were smaller by 
~7-12 cm
-1
 relative to those of the native Mbs possessing identical heme cofactors, whereas these two protein 
systems exhibited similar CO spans, i.e., the difference between the highest and lowest CO values within a 
given protein system, and the values were 16 and 12 cm
-1
 for the L29F mutant protein and the native Mb 
systems, respectively. Comparison of the CO values of the mutant proteins yielded a difference of 8 cm
-1
 for 
the L29F(Meso)/L29F(7-PF) system, which is half the value, 16 cm
-1
, for the 
L29F(3,8-DMD)/L29F(2,8-DPF) one. These results demonstrated the additive effect of the heme -system 
perturbation on the CO value for the L29F mutant protein. 
  By the way, the L29F mutant proteins exhibited a single CO band, as shown in Figure 2-21, which is in 
contrast to the case of the native Mbs exhibiting a CO band composed of multiple components [35], possibly 
due to the presence of multiple conformational states of the Fe-CO fragment. Consequently, the Fe-CO 
fragment in the L29F mutant protein appeared to be forced to adapt a unique conformation through the 
interaction with Phe29, in addition to His64. The FeCO values of the L29F mutant proteins were larger by 
~4-7 cm
-1
, relative to those of the native Mbs possessing identical heme cofactors, possibly reflecting such 
conformational constraint of the Fe-CO fragment in the mutant protein. 
The FeC values of the L29F mutant proteins were larger by ~6-14 cm
-1
 relative to those of the native Mbs 
possessing identical heme cofactors (Table 2-1). Furthermore, as in the cases of various hemoproteins [42], a 
reciprocal relationship between the CO and FeC values, expected from an admixture of two alternative 
canonical forms of the Fe-CO fragment illustrated in Scheme 2-1 [39,40], has also been observed for the 
L29F mutant proteins. In addition, comparison of the FeC values of the L29F mutant proteins yielded the 
decrease of 3 cm
-1
 on the substitution of one CF3 group, as demonstrated for the L29F(Meso)/L29F(7-PF) 
system, i.e., 526 and 532 cm
-1 
for L29F(Meso) and L29F(7-PF), respectively, and that of 10 cm
-1
 on the 
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substitution of two CF3 ones, as observed for the L29F(3,8-DMD)/L29F(2,8-DPF) system, i.e., 528 and 
518cm
-1 
for L29F(3,8-DMD) and L29F(2,8-DPF), respectively. Hence, in contrast to the case of the CO 
value, an additive effect of the heme -system perturbation was not observed for the FeC value. Furthermore, 
the FeC span of the L29F mutant protein system, i.e., 12 cm
-1






 Figure 2-21. High-frequency regions of visible resonance raman spectra of CO forms of 







Figure 2-22. Low-frequency regions of visible resonance raman spectra of CO forms of the 




Correlation between the vibrational frequencies and electron density of the heme Fe atom.  Aadditive 
effects of the heme -system perturbation on the CO and FeC values were observed in each of the native Mb, 
H64L an L29F protein systems.  As shown in Figure 2-1, similar additivity was also observed between the 
pKa value and the number of CF3 substitutions, that is, the pKa difference of 0.86 for the 
Mb(Meso)/Mb(7-PF) system is half the value, 1.70, for the Mb(3,8-DMD)/Mb(2,8-DPF) one. In fact, plots 
of the CO(H) values of the Mbs against the pKa ones can be described by a linear function expressed as 
CO(H)/cm
-1
 = -6.818×pKa + 2007, with a correlation coefficient (r) = -0.9716, and the relationship between 
the CO(L) and pKa values can be also represented by CO(L)/cm
-1
 = -7.565×pKa + 2002, with r = -0.9531 
(Figure 2-23).  Similarly, the CO(ave) value exhibited a linear relationship with the pKa value, that is, 
CO(ave)/cm
-1
 = -6.071×pKa + 1996, with r = -0.9874 (Figure 2-23).  These results not only demonstrated that 
the CO value is affected by the Fe value, as the pKa value is, but also confirmed that the effects of the heme 
modifications on the Fe value are essentially independent of the oxidation state of the heme Fe atom. 
Neya et al.[43] demonstrated, on X-ray structural determination, that the overall protein structure and side 
chain conformations of Mb reconstituted with porphine are essentially identical to those of the native protein.  
Furthermore, they also revealed that the protein structure properties of the globin fold, together with the 
structure of the heme active site, are inherent in its amino acid sequence, and are not largely affected by the 
acquired heme-protein interaction [44].  
The relationship between the CO and pKa (and hence Fe) values could be interpreted in terms of the 
resonance between the two canonical forms of the Fe-CO fragment, represented by the valence bond 
formalism (Scheme 2-1) [39,40]. The larger the Fe value, the better the heme Fe atom can serve as a  donor 
to CO. The stronger the Fe-CO bond, the larger will be the bond order of the Fe-CO bond, the smaller will be 
the C-O bond order, and hence the weaker will be the C-O bond. Consequently, the strength of the Fe-CO 
and C-O bonds decrease and increase, respectively, with decreasingFe value. As a result, a reciprocal 
relationship holds between the FeC and CO values, as has been demonstrated previously [42]. A similar 
FeC-CO reciprocal relationship was observed for the proteins considered in the study.  This finding 
48 
 
indicated that the  back-donation of the heme Fe atom to CO (Fe→CO  back-donation) is affected by the 
in-plane electronic perturbation of the heme -system induced through the heme modifications. 
As in the case of the native Mb proteins, an additive effect of the heme -system perturbation induced by the CF3 
substitutions on the CO value was observed for the mutants proteins.  In fact, plots of the CO values of the H64L 
proteins against the CO(H) values of the native ones can be represented by a straight line with a slope of 1 (Figure 
2-24).  These results supported that changes in the Fe value due to the CF3 substitutions are independent of the 
heme environment. Hence, the differences in the vibrational frequencies among the proteins can be attributed 







Figure 2-23. Plots of the high frequency νCO (νCO(H) (■)), low frequency νCO (νCO(L) (●)), and 
weighted-average νCO (νCO(ave) (▲)) values of MbCOs against the pKa ones of the 
acid-alkaline transition in metMbs.  The plots can be represented by straight lines. 
Figure 2-24.  Plots of the stretching frequency of Fe-bound CO (νCO) in the H64L 
mutant proteins against the position of the highest-frequency band (νCO(H)) among 




 CONCLUSION  It was demonstrated that the CO value of Mb correlates well with the pKa value in such 
a manner that a protein possessing a lower pKa value exhibits a higher CO one.  The CO-pKa correlation 
could be interpreted simply in terms of the resonance between the two canonical forms of the Fe-CO 
fragment, represented by the valence bond formalism.  Furthermore, the linear correlation indicated not 
only that the effects of the heme modifications on the Fe value are independent of the oxidation state of the 
heme Fe atom and the environment of heme pocket, but also that the CO value can be used as a sensitive 
measure of the Fe value in a protein in order to gain a deeper understanding of the molecular mechanism 
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Electronic control of ligand-binding preference in myoglobin lacking the distal histidine residue  
 
 
Abstract   
The oxygen (O2) and carbon monoxide (CO) binding properties and the autoxidation reaction rate of 
the H64L mutant of myoglobin reconstituted with chemically-modified heme cofactors possessing a 
heme Fe atom with a variety of electron densities have been investigated in order to elucidate the 
effect of the removal of the distal His64 on the control of the O2 affinity, discrimination between O2 
and CO and the autoxidation reaction rate of the protein by the intrinsic heme Fe reactivity through the 
electron density of the heme Fe atom (ρFe).  The study revealed that, as found for the native protein, 
not only the O2 affinity but also autoxidation reaction rate of the H64L mutant protein is regulated by 
the Fe value in such manner that the O2 affinity of the proteins decreases, due to an increase in the O2 
dissociation rate constant, with a decrease in the ρFe value. On the other hand, the CO affinity of H64L 
mutant was found to increase, due to a decrease in the CO dissociation rate constant, with a decrease 
in the ρFe value, whereas that of the native protein was essentially independent of a change in the Fe 
value.  These novel findings provided critical insights into functional roles of His64 in the protein. As 
a result, the regulation of the O2/CO discrimination in the protein through the ρFe value is affected by 
the distal His64. Thus, the study revealed that electronic tuning of the intrinsic heme Fe reactivity 
through the ρFe value plays a vital role in the regulation of the protein function, as the heme 




Myoglobin (Mb), an oxygen storage hemoprotein, is one of the most thoroughly studied proteins 
and has been served as a paradigm for the structure-function relationships of metalloproteins [1-9]. 
Dioxygen (O2) and also carbon monoxide (CO) are reversibly bound to a ferrous heme Fe atom 
(Fe(II)) in Mb.  During reversible O2 binding, the Fe(II) state has to be maintained in the protein, 
because the ferric heme Fe atom (Fe(III)) is not able to bind to O2 and hence is physiologically 
inactive. The O2 bound Mb is easily oxidized in to Fe(III) state through a process called as 
“autoxidation” [10]. Additionally, Mb must favor the binding of O2 compared to the toxic ligand CO 
ubiquitously produced from a variety of sources in biological systems [2]. The ability of Mb to 
stabilize Fe(II)-bound O2 and discriminate against CO binding is usually evaluated on the basis of the 
M value, i.e., the ratio between the equilibrium constants for CO and O2 binding (K(CO)/K(O2)) [6].  
The M value was reported to be ~2×10
4
 for unencumbered model heme Fe(II) complexes in organic 
solvents [8,11], and such a strong preference of heme Fe(II) for CO binding inhibits the O2 storage 
function of the protein.  
The regulation of the Mb function has been shown to be achieved through the heme environment 
furnished by nearby amino acid residues [6-9] and electronic tuning of the intrinsic heme Fe reactivity 
[12-14]. The heme environmental effects on the protein function have been elucidated in some detail, 
and particularly it is well-known that distal His(His64) contributes significantly to increase the O2 
affinity of the protein by stabilizing Fe(II)-bound O2 through hydrogen bonding interaction between 
the His64 NεH proton and the bound O2 (distal H-bond)(Scheme 3-1) [1,15-17]. Recently, I found that 
the O2 affinity, CO/O2 discrimination and autoxidation reaction rate (kox) of the protein are regulated 
by the intrinsic heme Fe reactivity through the heme electronic structure[12,13]. In order to reveal the 
electronic mechanism responsible for control of the Mb function, I have constructed unique system 
composed of Mbs reconstituted with designed artificial heme cofactors such as mesoheme(Meso), 
3,8-dimethyldeuteroporphyrinatoiron(III)(3,8-DMD) [18,19], 13,17-bis(2-carboxylatoethyl)-3,8-diethyl-2,12,18 
-trimethyl-7-trifluoromethylporphyrinato-iron(III)(7-PF) [20], and 13,17-bis(2-carboxylatoethyl)-3,7-diethyl 
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-12,18-trimethyl-2,8-ditrifluoromethylporphyrinatoiron(III)(2,8-DPF) [12], i.e., Mb(Meso), Mb(3,8-DMD), 
Mb(7-PF), and Mb(2,8-DPF), respectively. These heme cofactors differ in the numbers of CF3, CH3, 
and C2H5 side chains (Figure 2-2). The substitution of strongly electron-withdrawing 
trifluoromethyl(CF3) group(s), as side chain(s) of heme cofactor, enables large and stepwise alterations 
of the heme electronic structure, and since 7-PF and 2,8-DPF can be considered as counterparts of 
Meso and 3,8-DMD, respectively, the functional consequences of the substitution of one and two CF3 
groups can be elucidated from the results of comparative studies on Mb(Meso) and Mb(7-PF), and 
Mb(3,8-DMD) and Mb(2,8-DPF), respectively. Through studies of the reconstituted protein system 
[12,13], I revealed that the control of autoxidation reaction and the M value is achieved through the 
effect of a change in the ρFe value on the O2 binding state, which can be reasonably interpreted in 







-like species (Scheme 3-1) [21,22]. On the other hand, in contrast to the O2 binding, the CO 




Shcme 3-1. Oxygenation of deoxy Mb. 
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In this chapter, I elucidated the effect of the removal of the distal His64, and hence the distal H-bond, 
on the control of the intrinsic heme Fe reactivity through the ρFe value. In order to achieve my goal, I 
characterized the O2 and CO binding properties and k(ox) of the H64L mutant (H64L(Proto)) and the 
mutant proteins reconstituted with Meso, 3,8-DMD, 7-PF, and 2,8-DPF, i.e., H64L(Meso), 
H64L(3,8-DMD), H64L(7-PF), and H64L(2,8-DPF), respectively, and then the results of the mutant 
proteins were compared with those of the native ones. H64L(Proto) has been investigated exhaustively 
as one of typical Mb mutant proteins to reveal functional and structural consequences of the removal 
of the distal His64 [6,23-28], and hence I could take advantage of detailed functional and structural 
properties reported for the mutant protein. The study demonstrated that the differences in the ρFe 
values of the H64L mutant proteins are clearly reflected in the stretching frequencies of the Fe-bound 
CO (νCO) in CO forms of the mutant proteins [14] (see chapter 2) , and that the O2 affinities, i.e., K(O2) 
values and k(ox) ones of the mutant proteins were found to correlate well with the νCO values. The plots 
of the quantity log(K(O2)) against the νCO values (log(K(O2))- νCO plots) for the mutant proteins could 
be represented by a straight line, and the slope of the log(K(O2))- νCO plots of the mutant proteins was 
identical to that of similar plots previously reported for the native ones [12]. These result demonstrated 
not only that the electronic control of the O2 affinity and autoxidation reaction of Mb through the ρFe 
value is not affected by the removal of the distal His64, but also that the regulations of the O2 affinity 
and autoxidation reaction through the heme environment furnished by the His64 [1,6,28] and that of 
electronic tuning of the intrinsic heme Fe reactivity through the ρFe value are independent to each other.  
In contrast to the O2 binding, the effects of a change in the ρFe value on the CO binding properties were 
found to be different between the H64L mutant and native proteins in a manner that the CO affinity of 
the mutant protein increased with decreasing the ρFe value, while that of the native one was essentially 
independent of the ρFe value. As a result, the M value of the H64L mutant protein was more largely 




MATERIALS AND METHODS 
Materials and protein samples.  All reagents and chemicals were obtained from commercial 
sources and used as received.  Sperm whale Mb was purchased as a lyophilized powder from 
Biozyme and used without further purification.  The expression and purification of the H64L mutant 
(H64L(Proto)) were carried out according to the method described by Springer et al.[6]. Mesoheme 
(Meso) was purchased from Frontier Scientiﬁc Co. 3,8-DMD[18,19], 7-PF[20], and 2,8-DPF[12] were 
synthesized as previously described. The apoproteins of H64L(Proto) and native protein (Mb(Proto)) 
were prepared at 4 °C according to the procedure of Teale [29], and reconstituted H64L mutant and 
native proteins were prepared by slow addition of a synthetic heme cofactor to the corresponding 
apoproteins in 50 mM potassium phosphate buffer, pH 7.0, at 4 °C [12]. In order to prepare CO and O2 
forms of the H64L mutant and native proteins, the proteins were reduced by adding Na2S2O4 (Nakalai 
Chemicals Ltd.) in the presence of CO gas (Japan Air Gases) and in the air, respectively.  Excess 
agent was removed by passage through a Sephadex G-10 (Sigma-Aldrich Co.) column equilibrated 
with an appropriate buffer solution. The pH of each sample was measured with a Horiba F-22 pH 
meter equipped with a Horiba type 6069-10c electrode. The pH of a sample was adjusted using 0.1 M 
NaOH or HCl. 
 
Oxygen equilibrium curves.  Oxygen equilibrium curves (OECs) of the H64L mutant proteins were 
measured with 30 M protein in 100 mM phosphate buffer, pH 7.4, and 100 mM Cl− at 20 °C, using 
the previously described automatic recording apparatus [30].  P50 values were determined through 
non-linear least-squares fitting of the OEC data [31]. 
 
Kinetic measurements of O2 and CO binding.  Kinetic measurements of O2 and CO binding of the 
H64L mutant proteins were carried out in 100 mM phosphate buffer, pH 7.40, at 25 °C, using ligand 
displacement experiments described previously [32-36]. Flash photolysis using a 5 ns-pulse Nd-YAG 
laser (532 nm) was performed on CO forms of the H64L mutant proteins (H64LCOs) in the presence 
of gas mixture of O2 and CO at a ratio of 35:65. The rate constants for O2 association (kon(O2)) and the 
pseudo first-order rate constants for O2 dissociation (koff(O2)) of H64L(Meso), H64L(3,8-DMD), 
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H64L(7-PF), H64L(2,8-DPF), and H64L(Proto) were determined through analysis of the time 
evolution of the absorbance at a wavelength optimized for each protein sample, after the photolysis, 
which exhibited biphasic behavior, and the fast and slow phases with time-scales of s and ms, 
respectively, represent O2 binding, i.e., kon(O2), and the displacement of transiently bound O2 by the 
CO present in the sample solution, i.e., koff(O2), respectively.  The equilibrium constants for O2 
binding (K(O2)) were calculated from the kinetic data, i.e., the kon(O2) and koff(O2) values. 
The rate constants for CO association (kon(CO)) of the mutant proteins were measured through 
analysis of the time evolution of the absorbance at 410, 410, 410, 416, and 424 nm, respectively, after 
photolysis of the CO form under 1 atm of CO, i.e., the concentration of CO ([CO]) = 9.85 × 10
−4
 M.  
The kon(CO) value can be determined from the observed pseudo first-order rate constant for CO 
association (kobs(CO)) using the equation, kobs(CO) ≈ kon(CO), because the rate constant of the CO 
dissociation (koff(CO)) is << kon(CO) × [CO].  Then, the koff(CO) value was determined by analysis of 
displacement of Fe-bound CO and the oxidation of heme Fe by K3Fe(CN)6[34-36]. Similarly to the 
case of the study of O2 binding, the equilibrium constants for CO binding (K(CO)) were calculated 
from the kinetic data, i.e., the kon(CO) and koff(CO) values. 
 
Measurement of autoxidation reaction rate. UV-vis absorption spectra were recorded for 10 μM 
protein samples at 25 °C using a Beckman DU 640 spectrophotometer, and 100mM potassium 
phosphate buffer were used to prepare sample solutions at pH 7.4. Autoxidation of reactions were 
characterized by only two spectral species with clear isosbestic points, and the observed time 
evolution could be represented well by a simple first order reaction mechanism, that is, d[H64LO2]/dt 
= - kox [H64LO2], where kox is the apparent autoxidation reaction rate constant. 
 
Resonance raman spectroscopy.  Resonance raman scattering was performed with excitation at 
413.1 nm with a Kr
+
 laser (Spectra Physics, BeamLok 2060), dispersed with a polychromator (SPEX 
1877, 1200 grooves/mm grating), and detected with a liquid nitrogen-cooled charge coupled device 
(CCD) detector (CCD-1024×256-OPEN-1LS, HORIBA Jobin Yvon) [37]. The protein concentrations 
were approximately 40 μM in 100 mM potassium phosphate buffer, pH 7.4. For the measurements of 
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O2 forms of the H64L mutant proteins (H64LO2s), the protein samples were kept cool in order to 
inhibit autoxidation of the proteins.  Raman shifts were calibrated with indene as a frequency 
standard.  The positions of the bands were determined through fitting with Voigt profiles, which are 
convolutions of Gaussian and Lorentzian functions [38], and the accuracy of the peak positions of 
well-defined Raman bands was ±1 cm
−1





Effects of Heme Modifications on Functional Properties of the H64L Mutant Proteins.  The 
kon(O2), koff(O2), K(O2), kon(CO), koff(CO), K(CO), kox and P50 values, together with M ones, of the 
H64L mutant proteins possessing various heme cofactors are determined(Table 3-1 and Figures 3-1－
3-15) The time course of CO association of H64L(7-PF) was better fitted by a sum of two 
exponentials, and the kon(CO) value close to those of the other H64L mutant proteins is indicated in 
Table 3-1. The P50 values of H64L(Meso) and H64L(3,8-DMD) could not be determined accurately 
due to their fast autoxidation(results not shown). The kinetic parameters of O2 and CO binding of 
H64L(Proto) were similar to the corresponding ones reported by Rohlfs et al.[33]. As has been 
demonstrated previously [33], the kon(O2) and kon(CO) values of H64L(Proto) were increased by 
factors of ~20 and ~60, respectively, by the H64L mutation, and then the koff(O2) and koff(CO) ones by 
factors of ~300 and ~3, respectively, resulting in a considerable lowering of the O2 affinity and, in 
contrast, a large increase in the CO one (Table 3-1). Autoxidation reaction of H64L(Proto) became 
fast by factors of ~20. Additionally, as has been reported previously for native Mb [13], the kox value 
of H64L mutant proteins decreased with the substitution of CF3 group(s) (Table 3-1).The increases in 
the kon(O2) and kon(CO) values by the mutation have been attributed, in part, to the absence of water 
molecules in the heme pocket [23], which have to be displaced before binding of exogenous ligands. 
In addition, as expected from structural consequence of the H64L mutation, the dramatic increase in 
the koff(O2) and k(ox) ones by the mutation is due to the absence of the distal H-bond [1,33,39]. A large 
difference in the M value between Mb(Proto) and H64L(Proto), i.e., 23 ± 9 and 6900 ± 5700, 
respectively(Table 3-1), clearly indicated a significant contribution of the distal H-bond to the 
regulation of the CO/O2 discrimination in the protein [1,6,33]. 
Comparison of the O2 binding parameters among the mutant proteins possessing various heme 
cofactors revealed that the koff(O2) value increases steadily with increasing number of CF3 substitutions, 
whereas the kon(O2) value is affected only slightly by the CF3 substitutions.  Consequently, the 
decrease in the O2 affinity of the H64L mutant protein by the CF3 substitutions is due solely to the 
increase in the koff(O2) value.  Hence, the effects of a change in the ρFe value on the O2 binding 
properties of the mutant protein were qualitatively similar to those of the native one [12,14]. On the 
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other hand, the effects of a change in the ρFe value on the CO binding properties of the mutant protein 
were somewhat different from those of the native one.  Although both the kon(CO) and koff(CO) 
values of the native protein were essentially independent of a change in the ρFe value [12,14], the 
koff(CO) value of the mutant protein was decreased by the CF3 substitutions, whereas its kon(CO) value 
was not largely affected, leading to an increase in the CO affinity of the mutant protein by the CF3 
substitutions. As a result, as reflected in the M value, the CO/O2 discrimination of the mutant protein is 
enhanced remarkably with decreasing the ρFe value(Table 3-1), i.e., the M value increased by a factor 
of ~9 on the substitution of one CF3 group, as demonstrated for the H64L(Meso)/H64L(7-PF) system, 
and then by a factor of ~60 on the substitution of two CF3 ones, as revealed through analysis of the 
H64L(3,8-DMD)/H64L(2,8-DPF) system.  
 
 Table 3-1. O2 and CO binding parameters and autoxidation reaction rate for H64Ls and Mbs at 
pH7.4 and 25 °C.  
a: Taken from Ref. 11. b: Taken from Ref.13. c: Determined from the oxygen equilibrium curve at 
pH 7.4 and 20 °C. d: Not determined due to fast autoxidation. e: Accurate determined of the value 
was hampered by fast autoxidation. f: The biphasic time course of CO association was fitted by the 
sum of two exponentials, and the value closer to those of the other H64L mutant proteins is 
indicated, the other one being 5.69 ± 1.7. 
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deoxy form  Oxy form 
Oxy form  CO form 
H64L(Meso) 
H64L(Meso) 
Figure 3-1. Time evolution of absorbance change at 423 nm (ΔAbs. 423 nm) after laser flash 
photolisis from 0 s to 100 μs of CO form of H64L(Meso) with potassium phosphate buffer, pH 
7.40, and 25°C in [O2]:[CO]=35:65. 
Figure 3-2. Time evolution of absorbance change at 423 nm (ΔAbs. 423 nm ) after laser flash 
photolisis from 0 s to 20 ms of CO form of H64L(Meso) with potassium phosphate buffer, pH 
7.40, and 25°C in [O2]:[CO]=35:65. 
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deoxy form  Oxy form 
Oxy form  CO form 
Figure 3-3. Time evolution of absorbance change at 407 nm (ΔAbs. 407 nm ) after laser flash 
photolisis from 0 s to 100 μs of CO form of H64L(3,8-DMD) with potassium phosphate buffer, pH 
7.40, and 25°C in [O2]:[CO]=35:65. 
Figure 3-4. Time evolution of absorbance change at 407 nm (ΔAbs. 407 nm ) after laser flash 
photolisis from 0 s to 20 ms of CO form of H64L(3,8-DMD) with potassium phosphate buffer, pH 





deoxy form  Oxy form 
Figure 3-5 Time evolution of absorbance change at 434 nm (ΔAbs. 434 nm ) after laser flash 
photolisis from 0 s to 100 μs of CO form of H64L(7-PF) with potassium phosphate buffer, pH 
7.40, and 25°C in [O2]:[CO]=35:65. 
Figure 3-6. Time evolution of absorbance change at 434 nm (ΔAbs. 434 nm ) after laser flash 
photolisis from 0 s to 10 ms of CO form of H64L(7-PF) with potassium phosphate buffer, pH 





deoxy form  Oxy form 
Figure 3-7. Time evolution of absorbance change at 434 nm (ΔAbs. 434 nm ) after laser flash 
photolisis from 0 s to 100 μs of CO form of H64L(2,8-DPF) with potassium phosphate buffer, 
pH 7.40, and 25°C in [O2]:[CO]=35:65. 
Figure 3-8. Time evolution of absorbance change at 434 nm (ΔAbs. 434 nm ) after laser flash 
photolisis from 0 s to 2 ms of CO form of H64L(2,8-DPF) with potassium phosphate buffer, 
pH 7.40, and 25°C in [O2]:[CO]=35:65. 
H64L(2,8-DPF) 
H64L(2,8-DPF) 
Oxy form  CO form 
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deoxy form  Oxy form 
Oxy form  CO form 
H64L(proto) 
H64L(proto) 
Figure 3-9. Time evolution of absorbance change at 440 nm (ΔAbs. 440 nm ) after laser flash 
photolisis from 0 s to 100 μs of CO form of H64L(proto) with potassium phosphate buffer, pH 
7.40, and 25°C in [O2]:[CO]=35:65. 
Figure 3-10. Time evolution of absorbance change at 440 nm (ΔAbs. 440 nm ) after laser flash 
photolisis from 0 s to 10 ms of CO form of H64L(proto) with potassium phosphate buffer, pH 




Figure 3-11. Spectral changes with time for the autodation reaction of H64L(Meso) 
in 100 mMpotassium buffer at pH 7.4 and 25°C. (Top) 





Figure 3-12. Spectral changes with time for the autodation reaction of 
H64L(3,8-DMD) in 100 mMpotassium buffer at pH 7.4 and 25°C. (Top) 





Figure 3-13. Spectral changes with time for the autodation reaction of H64L(7-PF) 
in 100 mMpotassium buffer at pH 7.4 and 25°C. (Top) 





Figure 3-14. Spectral changes with time for the autodation reaction of 
H64L(2,8-DPF) in 100 mMpotassium buffer at pH 7.4 and 25°C. (Top) 





Figure 3-15. Spectral changes with time for the autodation reaction of H64L(Proto) 
in 100 mMpotassium buffer at pH 7.4 and 25°C. (Top) 




Vibrational frequencies of Fe-bound O2 of the H64L mutant and native proteins.  Resonance 
raman spectra of O2 forms of the mutant and native proteins(MbO2 and H64LO2, respectively) 
possessing various heme cofactors were observed in order to determine the vibrational frequencies of 
the Fe-O stretching (νFeO) of Fe-bound O2 in the proteins (Figures 3-16 and 3-17). The νFeO bands of 
the proteins were observed as a single component (Figures 3-16 and 3-17), and the determined νFeO 
values were listed in Table 3-2. The νFeO values of 571 and 569 cm
-1
 determined for MbO2(Proto) and 
H64LO2(Proto), respectively, were similar to the corresponding ones previously reported by Hirota et 
al.[27], i.e., 571 and 570 cm
-1
 for the former and the latter, respectively.  In contrast to the large 
mutation-dependent changes in the νCO and νFeC values (Table 3-2), the νFeO one was affected only 
slightly by the mutation. Comparison of the νFeO values among the mutant (or native) proteins, yielded 
that, although its effect is rather small, the νFeO value was decreased by the CF3 substitutions, 
suggesting that the Fe
2+
-O bond in the protein is slightly weakened by the CF3 substitutions.  Hence 
the weakening of the Fe
2+
-O bond in the protein with decreasing the ρFe value could be, in part, 





Table 3-2. Vibrational frequencies of the Fe-bound CO of H64LCOs and MbCOs and Fe-bound 
O2 of H64LO2s and MbO2s at pH 7.4 and 25°C. 
a: The C-O stretching frequency of the Fe-bound CO. b: The Fe-C stretching frequency of the 
Fe-bound CO. c: The Fe-C-O bending frequency of the Fe-bound CO. d: The Fe-O stretching 
frequency of the Fe-bound O2. e: Taken from Ref. 13 f: νCO(H)(See Chapter 2) 
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Effect of a change in the ρFe value on the Fe-O bond in O2 forms of the proteins.  As shown in 





-like species has been expected for the Fe
2+
-O2 bond in O2 form of the protein (Scheme 3-1) 
[21,22]. Although the resonance between the two alternative structures of the Fe-O2 fragment is 
thought to be affected by the heme environment furnished by nearby amino acid residues and the heme 
electronic structure, the Fe-O bond order is independent of the resonance.  Consequently, relatively 
low sensitivity of the νFeO value to replacements of amino acid residues in the heme pocket has been 
attributed to the fixed Fe-O bond order [27].  Comparison of the νFeO values among the mutant (or 
native) proteins possessing various heme cofactors demonstrated that the νFeO value decreases steadily 
with increasing number of CF3 substitutions, although the differences are quite small.  This result 
indicated that the Fe-O bond in the Fe-O2 fragment is weakened by the CF3 substitutions, possibly 




-like species through obstruction of Fe-O bond 
polarization by decreasing the ρFe value due to the CF3 substitutions.  This result also supported the 
idea proposed by Pauling [21], that the Fe-O bond strength is affected by electronic nature of the bond. 
 
Electronic control of CO affinity of the H64L mutant protein.  The koff(CO) values of the mutant 
proteins exhibited CF3 substitution-dependent changes such that the values of H64LCO(7-PF) and 
H64LCO(2,8-DPF) were ~1/4 to ~1/5 of those of the corresponding counterparts, i.e., H64LCO(Meso) 
and H64LCO(3,8-DMD), respectively, although their kon(CO) values were similar with each other 
(Table 3-1).  The results of the mutant proteins were different from those of the native ones 
demonstrating that not only the kon(CO) value, but also the koff(CO) one was essentially independent of 
the heme cofactor modifications. The heme cofactor dependent changes of the koff(CO) value of the 
mutant protein could be interpreted in terms of the stabilities of the canonical structures of the Fe-CO 
fragment associated with electrostatic interaction between partial charges of the Fe-bound CO and 
nearby amino acid side chains (Scheme 2-1) [40,41]. The distal His64 provides positive electrostatic 
potential near O atom of the Fe-bound CO and, due to the electrostatic interaction between the His64 
and Fe-bound CO, Structure II in Scheme 2-1 prevails structure I [25]. Therefore, the increase in the 
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koff(CO) value by the H64L mutation could be, to some extent, attributed to a decrease in the 
contribution of Structure II to the stabilization of the Fe-CO bond due to the lack of positive 
electrostatic potential to stabilize the partial negative charge of the Fe-bound ligand. On the other hand, 
the decrease in the ρFe value by the CF3 substitution is expected to stabilize Structure I in Scheme 2-1, 
contributing to enhancement of the stability of the Fe-CO bond.  In contrast, since the ρFe values of 
H64L(Meso) and H64L(3,8-DMD) are larger than those of the other mutant proteins, the stability of 
Structure I in these two proteins is lower, and hence they exhibited larger koff(CO) values(Table 3-1).  
Thus, the present results suggested that the koff(CO) value of the mutant protein is determined by not 
only electronic environment nearby the Fe-bound ligand, but also the heme electronic structure. This 
interpretation was supported by the plots of the quantity log(K(CO)) against the νCO values for the 
mutant proteins (Figure 3-18), which could be represented by a straight line with a slope of ~0.05 
(1/cm
-1
).  The large deviation of the plot for H64L(2,8-DPF) from the straight line could be due to its 




Figure 3-18. Plots of the quantity log(K(O2)) and log(K(CO)) against the νCO andνCO(H) values for 
the H64L mutant and native proteins, respectively, log(K(O2))-νCO(○), log(K(CO))-νCO(△), 
log(K(O2))- νCO(H) (●), and log(K(CO))- νCO(H)(▲) plots. The lower and upper horizontal axes 
represent the νCO and νCO(H) values for the H64L mutant and native proteins, respectively, and are 
graduated in such a way that the mean νCO and νCO(H) values are at the center of the axes.  The best 
fitting straight lines were drawn for the each set of the plots. The log(K(O2))-νCO, log(K(O2))-νCO(H), 
and log(K(CO))- νCO(H) plots could be represented by straight lines with slopes of ~0.05, ~-0.08, 
and ~-0.08 (1/cm
-1
), respectively.  Although the log(K(CO))- νCO(H) plots also appeared to be 
represented by a straight line, the linear relationship between the log(K(CO)) and νCO(H) values of 
the protein could not be supported by the log(kon(CO))- νCO(H) and log(kon(CO))- νCO(H) plots. 
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Electronic control of O2 affinity and autoxidation rate of the H64L mutant protein.  I have 
shown that the O2 affinity and autoxidation reaction of the native protein are regulated by the ρFe value 






-like species (Scheme 3-1) 
[12,14,21,22]. The O2 binding parameters and k(ox) values in Table 3-1 demonstrated that the O2 
affinity and autoxidation reaction of the H64L mutant protein is also controlled in a similar manner.  
In order to characterize the relationship between the O2 affinity and the ρFe value in the mutant and 
native proteins, the log(K(O2))-νCO plots for the two different protein systems were compared to each 
other in Figures 3-18－3-20. The plots of the mutant and native proteins could be represented by 
straight lines with slopes of ~ -0.08 (1/cm
-1
) (Figure 3-18), suggesting that the effect of a change in the 
ρFe value on the O2 affinity is essentially independent of the removal of the distal His64, and hence the 
distal H-bond. Furthermore, the Mb(3,8-DMD)/Mb(2,8-DPF) and H64L(3,8-DMD)/H64L(2,8-DPF) 
systems exhibited the decrease in the K(O2) value by factors of ~9 and ~15, respectively, on the 
substation of two CF3 groups. On the other hands, comparision between the mutant and native protein 
possessing identical heme cofactors indicated that the K(O2) value was decreased by a factor of ~9 to 
~17 by the H64L mutation. Consequently, the decrease in the O2 affinity of the protein through a 
decrease in the ρFe value induced by the substation of two CF3 groups was found to be almost 
comparable to that due to the removal of the distal His64. Additionally, the k(ox) value of H64L mutan 
decreased with decreasingρFe value, as previously reported [13]. Thus, in addition to the heme 
environment furnished by the His64 [1,6], the electronic tuning of the intrinsic heme Fe reactivity 
through the ρFe value was found to be a major determinant for control of the O2 affinity and 




Figure 3-19. Plots of the quantity of log(kon(O2)) against the νCO and νCO(H) for the H64L 
mutant and native proteins, respectively, log(kon(O2))- νCO (△) and log(kon(O2))- νCO(H) (▲) 
plots.  The lower and upper horizontal axes represent theνCO and νCO(H) values for the H64L 
mutant and native proteins, respectively, and are graduated in such a way that the mean νCO 




Figure 3-20. Plots of the quantity of log(koff(O2)) against the νCO and νCO(H) for the H64L 
mutant and native proteins, respectively, log(koff(O2))- νCO (▽) and log(koff(O2))- νCO(H) (▼) 
plots.  The lower and upper horizontal axes represent the νCO and νCO(H) values for the H64L 
mutant and native proteins, respectively, and are graduated in such a way that the mean νCO 
and νCO(H) values are at the center of the axes.  The best fitting straight lines were drawn for 





Electronic control of O2/CO discrimination in the H64L mutant protein.  The M value of the 
H64L mutant protein was increased by factors of ~9 and ~60 by the substitution of one and two CF3 
groups, respectively, as revealed through analysis of the H64L(Meso)/H64L(7-PF) and 
H64L(3,8-DMD)/H64L(2,8-DPF) systems, respectively, whereas that of the native protein was 
increased by factors of only ~4 and ~25 by the substitution of one and two CF3 groups, 
respectively[14].  These results demonstrated that the distal His64 drastically diminishes the effect of 
a change in the ρFe value on the M one. The koff(O2) and koff(CO) values of the mutant protein were 
increased and decreased, respectively, with a decrease in the ρFe value, whereas both the kon(O2) and 
kon(CO) ones were almost independent of the ρFe value (Figures 3-19－3-22). Hence the remarkably 
large increase in the M values of the mutant protein induced by a decrease in the ρFe value is due to the 
opposite ρFe dependency of the O2 and CO affinities, i.e., the former and latter decreases and increased 
with a decrease in the ρFe value, respectively. Thus both the heme environment furnished by His64 and 
the electronic tuning of the intrinsic heme Fe reactivity through the ρFe value contribute significantly to 
regulate the protein function. 
  Understanding the mechanisms for the O2/CO discrimination in Mb is a problem of immense 
fundamental and practical importance.  Respiratory proteins have to exhibit considerably small M 
values in order to perform their biological activities in the presence of low levels of CO.  The M 
value of Mb(Proto), i.e., ~20 (Table 1), is ~1/1000 of those of simple heme Fe(II) model complexes, 
i.e., ~2×10
4 
[8,10], and the dramatic reduction of the M value in the protein has been interpreted in 
terms of the heme environment furnished by nearby amino acid residues, particularly the distal His64.  
The ~1000-fold decrease in the M value of the protein has been accounted for by a ~100-fold increase 
in the O2 affinity by stabilizing Fe(II)-bound O2 through the distal H-bond, together with ~10-fold 
decrease in the CO affinity possibly due to unfavorable steric interaction of Fe-bound CO with His64 
and other distal residues [2].  The present study demonstrated that, even in the absence of His64, the 
M value of the protein can be regulated solely through the ρFe value.  This finding provided novel 





Figure 3-21. Plots of the quantity of log(kon(CO)) against the νCO and νCO(H) for 
the H64L mutant and native proteins, respectively, log(kon(CO))- νCO (◇) and 
log(kon(CO))- νCO(H) (◆) plots.  The lower and upper horizontal axes represent 
the νCO and νCO(H) values for the H64L mutant and native proteins, respectively, 
and are graduated in such a way that the mean νCO and νCO(H) values are at the 
center of the axes.  The best fitting straight lines were drawn for the each set of 
the plots.  Obviously, it is not appropriate to fit the log(kon(CO))- νCO(H) plots as 
a straight line. 
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Figure 3-22. Plots of the quantity of log(koff(CO)) against the νCO and νCO(H) for 
the H64L mutant and native proteins, respectively, log(koff(CO))- νCO (□) and 
log(koff(CO))- νCO(H) (■) plots. The lower and upper horizontal axes represent 
the nCO and nCO(H) values for the H64L mutant and native proteins, respectively, 
and are graduated in such a way that the mean νCO and νCO(H) values are at the 





CONCLUSION   
As in the case of the native protein, the O2 affinity and autoxidation reaction rate of the H64L mutant 
protein was found to be regulated by the ρFe value. The O2 affinity of the protein decreases, due to an 
increase in the koff(O2) value, with a decrease in the ρFe value. The autoxidation reaction rate of the 
protein decreases with a decrease in the ρFe value. On the other hand, we found that the CO affinity of 
the H64L mutant protein increases, due to a decrease in the koff(CO) value, with a decrease in the ρFe 
value, whereas the CO affinity of the native one was essentially independent of a change in the ρFe 
value.  As a result, the regulation of the O2/CO discrimination in Mb through the heme electronic 
structure is largely affected by the distal His64.  These results not only demonstrated that the O2 and 
CO affinities of Mb lacking the distal His64 can be controlled solely by the ρFe value, but also revealed 
a novel relationship between the regulations of the Mb function through the heme environment 
furnished by the distal His64, and electronic tuning of the intrinsic heme Fe reactivity through the ρFe 
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Control of O2 vs CO binding preference of myoglobin 
 
 
Abstract   
The L29F mutant of myoglobin (Mb),  where  the  Leu29 residue was replaced by 
phenylalanine(Phe), was shown to exhibit remarkably high aﬃnity to oxygen (O2), possibly due to 
stabilization of the heme Fe atom-bound O2 in the mutant protein through a proposed unique 
electrostatic interaction with the introduced Phe29, in addition to well-known hydrogen bonding with 
His64 [Carver, T. E.; Brantley, R. E.; Singleton, E. W.; Arduini,R. M.; Quillin, M. L.; Phillips, G. N., 
Jr.; Olson, J. S. J. Biol.Chem., 1992, 267, 14443−14450]. I analyzed the O2 and carbon monoxide 
(CO) binding properties of the L29F mutant protein reconstituted with chemically modiﬁed heme 
cofactors possessing a heme Fe atom with various electron densities, to determine the eﬀect of a 
change in the electron density of the heme Fe atom (ρFe) on the O2 versus CO discrimination. This 
study demonstrated that the preferential binding of O2 over CO by the protein was achieved through 
increasing ρFe, and the ordinary ligand-binding preference, that is, the preferential binding of CO over 
O2, by the protein was achieved through decreasing ρFe. Thus, the O2 and CO binding preferences of 
the L29F mutant protein could be controlled through electronic modulation of intrinsic heme Fe 
reactivity through a change in ρFe. The present study highlighted the signiﬁcance of the tuning of the 




Myoglobin (Mb) is a hemoprotein found in muscle cells, where it is responsible for the storage of 
dioxygen (O2) in energy metabolism [1]. In addition to O2, carbon monoxide (CO) is also reversibly 
bound to a ferrous heme Fe atom (Fe(II)) in Mb.  As an O2 storage protein, Mb must discriminate O2 
against the toxic ligand CO ubiquitously produced from a variety of sources in biological systems [2].  
The ligand binding affinity of unencumbered model heme Fe(II) complexes is ~2×10
4
 times higher for 
CO than for O2, but this ratio is considerably reduced in the proteins [3,4]. Ever since the 
three-dimensional structure of Mb was determined as the first protein crystal structure [5], the 
elucidation of the mechanism responsible for the discrimination between O2 and CO has attracted 
many researchers’ interest [1-4,6,7]. Distal histidine residue (His64) has been shown to play a central 
role in the control of O2 versus CO binding in Mb [1-4,6,7]. His64 forms a hydrogen bond with 
Fe(II)-bound ligand to stabilize its bound state[8-15], and the hydrogen bond is formed more favorably 
with Fe(II)-bound O2 than with Fe(II)-bound CO[16,17]. I found that the O2 affinity of Mb is largely 
affected by electron density of the heme Fe atom (ρFe), whereas the CO one is almost independent of 
the ρFe value.[18,19]  Thus, even in the absence of His64, the O2 versus CO discrimination of the 
protein can be controlled by electronic tuning of the intrinsic heme Fe reactivity through the Fe value.  
In this study, I attempted to control the O2 versus CO ligand binding preference in the L29F  
mutant protein, where Leu29 residue is replaced by Phe, through altering the ρFe value.  The L29F 
mutant protein exhibits the O2 affinity almost as high as the CO one [20,21]. The X-ray 
crystallographic study of the L29F mutant revealed that, in addition to the above-mentioned hydrogen 
bonding with His64, the coordination of O2 to Fe(II) in the mutant is also stabilized by a favorable 
electrostatic interaction of the polar Fe(II)-bound O2 with the multipole of the phenyl ring of the 
introduced Phe29 [20]. Due to the aids of both His64 and Phe29, the rate constant for O2 dissociation 
(koff(O2)) of the L29F mutant was decreased by a factor of ~1/8 compared with that of the native 
Mb[20]. In addition, the rate constant for O2 association (kon(O2)) of the mutant protein was larger by a 
factor of ~2 than that of the native Mb, whereas the rate constants for CO association and dissociation 
(kon(CO) and koff(CO), respectively) of the mutant protein were similar to those of the native one [20]. 
The strategy is based on the previous findings that the koff(O2) value increases (decreases) with 
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decreasing (increasing) the ρFe one, whereas the other kinetic values, i.e., the kon(O2), kon(CO), and 
koff(CO) ones, were essentially independent of the ρFe one [18,19]. The relationship between the ρFe 
and koff(O2) values could be interpreted in terms of the effect of a change in the ρFe value on the 






-like species (Scheme 3-1) [8,22], and, for 
example, a decrease in the Fe value stabilizes the Fe
2+




-like one, resulting 
in an increase in the koff(O2) one. In order to largely alter the ρFe, I substituted strongly 
electron-withdrawing trifluoromethyl(CF3) group(s), as side chain(s) of heme cofactor, to prepare 
13,17-bis(2-carboxylatoethyl)-3,8-diethyl-2,12,18-trimethyl-7-trifluoromethylporphyrinatoiron(III) 
(7-PF) [23] and 13,17-bis(2-carboxylatoethyl)-3,7-diethyl-12,18-trimethyl-2,8-ditrifluoromethylporphyrinato 
-iron(III)(2,8-DPF) [18] (Figure 2-2). In addition, mesoheme(Meso) and 3,8-dimethyldeuteroporphyrinato 
-iron(III)(3,8-DMD) [24,25] were used as counterparts of 7-PF and 2,8-DPF, respectively. Apoprotein 
of the L29F mutant protein was reconstituted with Meso, 3,8-DMD, 7-PF, and 2,8-DPF to yield the 
mutant proteins possessing the corresponding heme cofactors, i.e., L29F(Meso), L29F(3,8-DMD), 
L29F(7-PF), and L29F(2,8-DPF), respectively. Pairwise comparison between L29F(Meso) and 
L29F(7-PF), and between L29F(3,8-DMD) and L29F(2,8-DPF) provides the structural and functional 
consequences of the substitution of one and two CF3 groups, respectively.  As expected from the 
previous findings, the preferential binding of O2 over CO was observed in L29F(Meso) and 
L29F(3,8-DMD), whereas L29F(7-PF) and L29F(2,8-DPF) exhibited the ordinary ligand binding 
preference. Thus the O2 versus CO ligand binding preference in the L29F mutant protein could be 
controlled through a change in the ρFe value. These findings confirmed the significant effect of a 










MATERIALS AND METHODS 
Materials and protein samples.  All reagents and chemicals were obtained from commercial 
sources and used as received.  The expression and purification of the L29F mutant protein 
(L29F(Proto)) were carried out according to the methods described by Carver et al.[20] Mesoheme 
(Meso) was purchased from Frontier Scientiﬁc Co. 2,8-DPF [18], 7-PF[23], and 3,8-DMD[24,25] 
were synthesized as previously described. The apoprotein of the L29F mutant protein was prepared at 
4 °C according to the procedure of Teale [26], and reconstituted L29F mutant proteins were prepared 
by slow addition of a synthetic heme cofactor to the apoprotein in 50 mM potassium phosphate buffer, 
pH 7.0, at 4 °C [18]. In order to prepare the CO and O2 forms of the L29F mutant proteins, the 
proteins were reduced by adding Na2S2O4 (Nakalai Chemicals Ltd.) in the presence of CO gas (Japan 
Air Gases) and in the air, respectively. Excess agent was removed by passage through a Sephadex 
G-10 (Sigma-Aldrich Co.) column equilibrated with an appropriate buffer solution. The pH of each 
sample was measured with a Horiba F-22 pH meter equipped with a Horiba type 6069-10c electrode.  
The pH of a sample was adjusted using 0.1 M NaOH or HCl. 
 
Kinetic measurements of O2 and CO binding.  Kinetic measurements of the proteins were carried 
out in 100 mM phosphate buffer, pH 7.40, at 20 °C using the procedure reported previously [1,27-29].  
The O2 associations for L29F(Proto), L29F(Meso), L29F(3,8-DMD), L29F(7-PF), and L29F(2,8-DPF) 
were characterized through analysis of the time evolution of the absorbance at 404, 410, 400, 397,410 
nm, respectively, after photolysis of their oxy forms, in the presence of various O2 concentrations 
([O2]), using a 5 ns-pulse Nd-YAG laser (532 nm, Continuum Surelite Ⅱ). The probe light (Xe-lamp) 
was passed through a monochrometer before a sample with adjusting a suitable wavelength in each 
experiment. The fitting of the time evolution of the absorbance to the first-order rate equation yielded 
a pseudo first-order rate constant for O2 association (kobs(O2)), which can be expressed in terms of 
kon(O2) and koff(O2) as kobs(O2) = kon(O2) × [O2] + koff(O2).  Since koff(O2) «kon(O2) ×[O2], kon(O2) can 
be determined from the pseudo-first-order rate constant for O2 association(kobs(O2)) through the 
equation kobs(O2) = kon(O2) × [O2], where [O2] = 2.52×10
-4
 M. Pseudo-first-order rate constants for O2 
dissociation (koff(O2)) for L29F(Proto), L29F(Meso), L29F(3,8-DMD), L29F(7-PF), and 
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L29F(2,8-DPF) were also measured through the analysis of the time evolution of the absorbance at 
570, 565, 567, 564, and 560 nm, respectively, after rapidly mixing their oxy forms with excess sodium 
dithionite using a stopped-flow apparatus. 
The CO associations for L29F(Proto), L29F(Meso), L29F(3,8-DMD), L29F(7-PF), and 
L29F(2,8-DPF) were similarly measured through analysis of the time evolution of the absorbance at 
420, 410, 410, 409, and 415 nm, respectively, after the photolysis of their CO forms under 1 atm of 
CO, i.e., [CO] = 9.85 × 10
−4
 M.  Since koff(CO) << kon(CO) × [CO], the kon(CO) value can be 
determined from the pseudo first-order rate constant for CO association (kobs(CO)) through the 
equation, kobs(CO) = kon(CO) × [CO]. 
The CO dissociation for the mutant proteins was characterized utilizing the following reactions 
which consist of the displacement of Fe-bound CO and the oxidation of heme iron by K3Fe(CN)6 
[27,29], 





where MbFe(II) and MbFe(III)(H2O) represent the deoxy and met-aquo forms of the protein, respectively, 
and kox the rate constant for the oxidation of the heme iron.  Under the experimental conditions of 
high [CO] and [K3Fe(CN)6], where a steady-state assumption can be made for [MbFe(II)], a pseudo 
first-order rate constant for the oxidation of the proteins (kobs(ox)) can be expressed in terms of a 
pseudo first-order rate constant for CO dissociation (koff (CO)), [K3Fe(CN)6], and a constant, c, as 
kobs(ox) = koff(CO) × [K3Fe(CN)6] / (c + [K3Fe(CN)6]).  The saturated value in plots of the kobs(ox) 
values against [K3Fe(CN)6] affords the koff (CO) value.  The kobs(ox) values for L29F(Proto), 
L29F(Meso), L29F(3,8-DMD), L29F(7-PF), and L29F(2,8-DPF) in various [K3Fe(CN)6] were 
determined through analysis of the time evolution of the absorbance at 530, 519, 520, 523, and 525 nm, 
respectively.  The probe light (Xe-lamp) was passed through a monochrometer before a sample with 
adjusting a suitable wavelength in each experiment.  Prior to kinetic measurements, it was confirmed 
in preliminary experiments using a photo diode array detector that the reaction of a ligand-bound Mb 




Resonance raman spectroscopy.  Resonance raman scattering was performed with excitation at 
413.1 nm with a Kr
+
 laser (Spectra Physics, BeamLok 2060), dispersed with a polychromator (SPEX 
1877, 1200 grooves/mm grating), and detected with a liquid nitrogen-cooled charge coupled device 
(CCD) detector (CCD-1024×256-OPEN-1LS; HORIBA Jobin Yvon) [30].  The protein 
concentrations were approximately 40 μM in 100 mM potassium phosphate buffer, pH 7.4. Raman 
shifts were calibrated with indene as a frequency standard.  The positions of the bands were 
determined through fitting with Voigt profiles, which are convolutions of Gaussian and Lorentzian 





Effects of heme cofactor modifications on functional properties of the L29F mutant protein.  
The kinetic parameters of mutant proteins were determined (Table 4-1 and Figures 4-1－4-4). The 
kinetic parameters obtained for L29F(Proto) agreed well with those reported previously[20], except 
the koff(CO) value which was larger by a factor of ~3 compared with the previous one. L29F(Meso) 
and L29F(3,8-DMD) exhibited the koff(O2) values smaller by a factor of ~1/2 relative to that of 
L29F(Proto), that is, 0.78 ± 0.2 s
-1
 and 0.8 ± 0.2 s
-1
 for L29F(Meso) and L29F(3,8-DMD), respectively, 
whereas the other kinetic values, i.e., the kon(O2), kon(CO), and koff(CO) ones, of L29F(Meso) and 
L29F(3,8-DMD) were similar to the corresponding ones of L29F(Proto).  As a result, the O2 affinities, 
i.e., the K(O2) values, of L29F(Meso) and L29F(3,8-DMD) were increased by a factor of ~2, relative 
to that of L29F(Proto), that is 27 ± 8 μM-1 and 31 ± 9μM-1 for L29F(Meso) and L29F(3,8-DMD), 
respectively, and hence the O2 affinities of these mutant proteins were higher than the CO ones of the 
corresponding proteins (Table 4-1).  Thus, the preferential binding of O2 over CO in the mutant 
protein could be achieved through a change in the ρFe value.  On the other hand, the O2 affinities of 
L29F(7-PF) and L29F(2,8-DPF) were considerably lower than that of L29F(Proto) due to the dramatic 
increases in the koff(O2) value upon CF3 substitution(s) (Table 4-1).  The O2 affinity of the mutant 
protein was lowered by a factor of ~1/5 on the substitution of one CF3 group, as demonstrated for the 
L29F(Meso)/L29F(7-PF) system, that is, the K(O2) values of L29F(Meso) and L29F(7-PF) were 27 ± 
8 μM-1 and 5.8 ± 2 μM-1, respectively, and then by a factor of ~1/18 on the substitution of two CF3 
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ones, as revealed on analysis of the L29F(3,8-DMD)/L29F(2,8-DPF) system, i.e., the K(O2) values of 
L29F(3,8-DMD) and L29F(2,8-DPF) were 31 ± 9 μM-1 and 1.7 ± 0.5 μM-1, respectively. In contrast to 
the O2 binding, the CO affinity of the mutant protein was essentially independent of the CF3 
substitutions. 
 
Table 4-1.  O2 and CO Binding Parameters for the L29F mutant proteins, native Mbs, and the 
H64L mutant proteins at pH 7.40 and 25 °C  
 
a: M represents the quantity K(CO)/K(O2). 
b: Taken from ref. 18. 
c: Taken from ref. 41. 
d: Taken from ref. 19. 
e: Calculated from a weight average of fitted parameters because the time course was biphasic, and 
sum of two exponentials provided better fits to the data.  
f: Biphasic time evolution of CO association was fitted by a sum of two exponentials, and the value 




Figure 4-1. Time evolution of absorbance change (ΔAbs.), at the indicated wavelength (nm), after 
photolysis of O2 forms of the L29F mutant proteins possessing the indicated heme cofactors, in 100 
mM potassium phosphate buffer, pH 7.40, at 25°C.  The kon(O2) value was determined through 






























Figure 4-2. Time evolution of absorbance change (ΔAbs.), at the indicated wavelength (nm), after 
mixing O2 forms of the L29F mutant proteins possessing the indicated heme cofactors, in 100 mM 
potassium phosphate buffer, pH 7.40, and 5 mM sodium dithionite at 25 
o
C.  The koff(O2) value was 





koff(O2) = 0.78 ± 0.16 s
-1
 koff(O2) = 0.80 ± 0.16 s
-1
 
koff(O2) = 3.8 ± 0.76 s
-1
 koff(O2) = 18 ± 3.6 s
-1
 





Figure 4-3.   Time evolution of absorbance change (ΔAbs.), at the indicated wavelength (nm), 
after photolysis of O2 forms of the L29F mutant proteins possessing the indicated heme cofactors, 
in 100 mM potassium phosphate buffer, pH 7.40, at 25 
o
C.  The kon(CO) value was determined 
through fitting the time evolution with the assumption of first-order kinetics, indicated in red.  In 
the case of the L29F mutant protein possessing 7-PF, biphasic time evolution was fitted by a sum 






























Figure 4-4. .  Plots of pseudo first-order rate constant for the oxidation of the proteins (kobs(ox)) 
against [K3Fe(CN)6] for CO forms of the L29F mutant proteins possessing the indicated heme 
cofactors in 100 mM potassium phosphate buffer, pH 7.40, at 25 
o
C.  The koff(CO)  was 





koff(CO) = 0.013 ± 0.0026 s
-1
 
koff(CO) = 0.012 ± 0.0024 s
-1
 
koff(CO) = 0.014 ± 0.0028 s
-1
 
koff(CO) = 0.017 ± 0.0034 s
-1
 





Vibrational Frequencies of Fe-bound O2 of the L29F Mutant Protein.  Resonance Raman spectra 
of the O2 forms of the L29F mutant proteins possessing various heme cofactors were obtained in order 
to determine the vibrational frequencies of the Fe-O stretching (νFeO) of Fe-bound O2 in the proteins 
(Figures 4-5－4-10 and Table 4-2).  The νFeO value of 569 cm
-1
 determined for L29F(Proto) was 
essentially identical to that previously reported by Hirota et al.[32], i.e., 568 cm
-1
.  The νFeO values of 
the native protein were decreased by 1-3 cm
-1
 relative to those of the L29F mutant proteins possessing 
identical heme cofactors. 
Table 4-2. Vibrational frequencies of the Fe-bound CO and Fe-bound O2 of the L29F mutant 
proteins, native Mbs and the H64L mutant proteins at pH 7.4 and 25°C. 
a: The C-O stretching frequency of the Fe-bound CO. b: The Fe-C stretching frequency of the 
Fe-bound CO. c: The Fe-C-O bending frequency of the Fe-bound CO. d: The Fe-O stretching 






Figure 4-5. Visible resonance Raman spectra of O2 form of the L29F mutant 
proteins possessing the indicated heme cofactors, at pH 7.40 and 25
 o
C. The 
positions of the bonds were determined through fitting with Voigt 
profiles(Figures 4-6－4-10 )[31]. 
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Figure 4-6. Visible resonance Raman spectra of O2 form of L29F(Meso) at pH 7.40 and 25 
o
C.  




O2) bands are indicated in red.  The 
spectra recorded using 
16
O2 (top) and 
18
O2 (middle), and the difference spectrum (bottom) being 
shown. 
B: Fitting of visible resonance Raman spectrum of O2 form of L29F(Meso) in 100 mM potassium 
phosphate buffer, pH 7.40, at 25 
o
C.  Observed (blue) and simulated bands (red) νFeO band (top), 
and simulated individual band one (bottom).  The green line in the top illustration indicates the 
baseline.  The wavenumber of the νFeO band determined through ﬁtting with Voigt proﬁles[31] is 





Figure 4-7. Visible resonance Raman spectra of O2 form of L29F(3,8-DMD) at pH 7.40 and 25 
o
C.   




O2) bands are indicated in red.  The 
spectra recorded using 
16
O2 (top) and 
18
O2 (middle), and the difference spectrum (bottom) being 
shown. 
B: Fitting of visible resonance Raman spectrum of O2 form of L29F(3,8-DMD) in 100 mM 
potassium phosphate buffer, pH 7.40, at 25 
o
C.  Observed (blue) and simulated bands (red) νFeO 
band (top), and simulated individual band one (bottom).  The green line in the top illustration 
indicates the baseline.  The wavenumber of the νFeO band determined through ﬁtting with Voigt 





Figure 4-8. Visible resonance Raman spectra of O2 form of L29F(7-PF) at pH 7.40 and 25 
o
C.  




O2) bands are indicated in red.  The 
spectra recorded using 
16
O2 (top) and 
18
O2 (middle), and the difference spectrum (bottom) being 
shown. 
B: Fitting of visible resonance Raman spectrum of O2 form of L29F(7-PF) in 100 mM potassium 
phosphate buffer, pH 7.40, at 25 
o
C.  Observed (blue) and simulated bands (red) νFeO band (top), 
and simulated individual band one (bottom).  The green line in the top illustration indicates the 
baseline.  The wavenumber of the νFeO band determined through ﬁtting with Voigt proﬁles[31] is 





Figure 4-9. Visible resonance Raman spectra of O2 form of L29F(2,8-DPF) at pH 7.40 and 25 
o
C.   




O2) bands are indicated in red.  The 
spectra recorded using 
16
O2 (top) and 
18
O2 (middle), and the difference spectrum (bottom) being 
shown. 
B: Fitting of visible resonance Raman spectrum of O2 form of L29F(2,8-DPF) in 100 mM 
potassium phosphate buffer, pH 7.40, at 25 
o
C.  Observed (blue) and simulated bands (red) νFeO 
band (top), and simulated individual band one (bottom).  The green line in the top illustration 
indicates the baseline.  The wavenumber of the νFeO band determined through ﬁtting with Voigt 





Figure 4-10. Visible resonance Raman spectra of O2 form of L29F(Proto) at pH 7.40 and 25 
o
C.   




O2) bands are indicated in red.  The 
spectra recorded using 
16
O2 (top) and 
18
O2 (middle), and the difference spectrum (bottom) being 
shown. 
B: Fitting of visible resonance Raman spectrum of O2 form of L29F(Proto) in 100 mM potassium 
phosphate buffer, pH 7.40, at 25 
o
C.  Observed (blue) and simulated bands (red) νFeO band (top), 
and simulated individual band one (bottom).  The green line in the top illustration indicates the 
baseline.  The wavenumber of the νFeO band determined through ﬁtting with Voigt proﬁles[31] is 






Effects of Heme Cofactor Modifications on the Vibrational Frequencies of Fe-bound O2 of the 
L29F Mutant Protein.  As shown in Table 4-2, the νFeO values of the native Mbs were decreased by 
1-3 cm
-1
 relative to those of the L29F mutant proteins possessing identical heme cofactors. Similarly 
to the case of the Fe-CO fragment in the CO form of a protein, the Fe-O2 fragment in the O2 form of a 







species (Scheme 3-1) [8,22].  Hence, although the resonance between the two forms is affected by 
the heme environment furnished by nearby amino acid residues, the Fe-O bond order is independent of 
the resonance [32], leading to the low sensitivity of the νFeO value to replacement of amino acid 
residues in the heme pocket. 
The mutant proteins were ranked as L29F(2,8-DPF) ~ L29F(7-PF) < L29F(3,8-DMD) ~ 
L29F(Proto) < L29F(Meso), in order of increasing the νFeO value, although the differences are small.  
The weakening of the Fe-O bond in the protein, as manifested in the νFeO one, however, cannot fully 
account for the large increase in the koff(O2) value of the mutant protein with decreasing the νFe one, as 
have been reported previously for the native Mbs and the H64L mutant proteins. 
 
Effects of Heme Cofactor Modifications on O2 versus CO Discrimination of the L29F Mutant 
Protein.  I have shown that the O2 affinity of the protein decreases (increases), due to an increase (a 
decrease) in the koff(O2) value, with a decrease (an increase) in the ρFe value [18,19].  Plots of the 
quantities log(kon(O2)), log(koff(O2)), and log(K(O2)) against the ρCO values (see chapter 2) 
(log(kon(O2))- νCO, log(koff(O2))- νCO, and log(K(O2))- νCO plots, respectively) for the L29F mutant 
protein system confirmed that the O2 affinity of the mutant protein is regulated through the ρFe value in 
a similar manner (Figure 4-11). The log(koff(O2))- νCO plots for the L29F mutant proteins could be 
represented by a straight line with a slope of +0.09 (1/cm
-1
), and the obtained slope was similar to 
those of the plots for the native Mbs and the H64L mutant proteins previously reported, i.e., +0.01 
(1/cm
-1
) for the two protein systems, demonstrating that the regulation of the koff(O2) value through the 
ρFe one is independent of the heme environment furnished by nearby amino acid residues. 
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Comparison of the K(O2) values of the three protein systems yielded that the K(O2) value of the 
native protein was increased by a factor of ~11-24 by the introduction of Phe29, through the L29F 
mutation, and, conversely, was decreased by a factor of ~1/17-1/9 by the removal of His64, through 
the H64L one. Consequently, Phe29 in the L29F mutant protein was found to play a role as important 
as His64 in the native protein in order to enhance the O2 affinity of the protein.  Furthermore, the O2 
affinity of the L29F mutant protein is lowered by factors of ~1/5 and ~1/18 on the substitution of one 
and two CF3 groups, respectively. Similarly, the O2 affinity of the native Mb was lowered by factors of 
~1/3 and ~1/9 on the substitution of one and two CF3 group, respectively, and that of the H64L mutant 
protein by factors of ~1/3 and ~1/15 on the substitution of one and two CF3 group, respectively [33]. 
These results confirmed that the control of the O2 affinity of the protein through the Fe value is 
independent of that through the heme environment furnished by nearby amino acid residues.  
In contrast to the O2 binding, similar plots for the CO binding, i.e., log(kon(CO))- νCO, 
log(koff(CO))-νCO, and log(K(CO))- νCO plots, for the L29F mutant protein system indicated that the 
CO binding properties of the L29F mutant protein system were not largely affected by the νFe value 
(Figure 4-11).  The ability of Mb to stabilize Fe(II)-bound O2 and to discriminate against CO binding 
is usually evaluated on the basis of the M value, i.e., the ratio between the equilibrium constants for 
CO and O2 binding (K(CO)/K(O2))[6]. The M value was increased by a factor of ~5 on the substitution 
of one CF3 group, as demonstrated for the L29F(Meso)/L29F(7-PF) system, and then by a factor of 
~11 on the substitution of two CF3 ones, as observed for the L29F(3,8-DMD)/L29F(2,8-DPF) one.  
Plots of the quantity logM against the νCO values (logM-νCO plots) for the L29F mutant protein system 
could be represented by a straight line with a slope of +0.08 (1/cm
-1
).  The logM-νCO plots for the 
native Mb and the H64L mutant protein systems could be represented by straight lines with similar 
slopes.  These results are inevitable, because, among the kinetic parameters for O2 and CO binding, 
only the koff(O2) value is affected by a change in the ρFe value, which is sensitively reflected in νCO [33], 
in addition to the heme environment furnished by nearby amino acid residues, as described above.  
Furthermore, the logM-νCO plots in Figure 4-12 demonstrated that the M value of the protein could be 
regulated over a range of ~10
5
 through combined use of the amino acid replacements, through protein 
engineering, and the chemical modification of heme cofactor. 
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The three different protein systems could be ranked as L29F < native Mb < H64L, in order of 
increasing M value.  L29F(Proto), Mb(Proto), and H64L(Proto) [33] exhibited the M values of 0.83 ± 
2, 23 ± 9, and 6900 ± 5700, respectively, (Table 4-1) and hence the M value of Mb(Proto) was 
increased by a factor of ~300 due to the removal of His64 through the H64L mutation, and then 
conversely was decreased by a factor of ~1/30 due to the introduction of Phe29 through the L29F 
mutation, indicating that not only His64, but also Phe29 contributes significantly to the preferential 
binding of O2 over CO of the protein.  Comparison of the M values of the L29F mutant proteins 
indicated that the substitution of one and two CF3 groups increased the value by factors of ~8 and ~20, 
respectively.  The effects of the substitution of CF3 group(s) on the M value of the L29F mutant 
protein were almost comparable to those of the native protein, i.e., the M value of the native protein 
was increased by factors of ~4 and ~25 on the substitution of one and two CF3 groups, respectively, 
again confirming that the electronic tuning of the intrinsic heme Fe reactivity through the ρFe value and 





Figure 4-11. Plots of the quantities log(kon(O2)), log(koff(O2)), and log(K(O2)) against the CO 
values for the L29F mutant proteins possessing Meso (▽), 3,8-DMD (○), 7-PF (▼), 2,8-DPF 
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Figure 4-12. Plots of the quantities log(M) against the CO values for the L29F mutant 
proteins (○), Mb (▲), and the H64L mutant ones (■).(left)  Since the native Mb exhibited 
a CO band composed of multiple components, the weighted-average by the intensity of 
each band was used as the CO value for the plots. Bar graphs illustrate the effects of 
modifications of the heme cofactors no the quantities log(K(CO))(lower), log(M)(middle) 





The O2 versus CO ligand binding preference of the L29F mutant protein of Mb has been shown to 
be regulated through a change in the electron density of the heme Fe atom.  The study confirmed that 
the effects of a change in the electron density of the heme Fe atom and the heme environment 
furnished by nearby amino acid residues on the functional properties of the protein are independent to 
each other, and the ratio between the equilibrium constants for CO and O2 binding in the protein can 
be regulated over a range of ~10
5
 through combined use of the chemical modification of heme 
cofactor and the amino acid replacements.   These findings provide useful insights for designing 
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Effect of the electron density of the heme Fe atom on the Fe-histidine coordination bond in 
deoxy myoglobin  
 
 
Abstract   
The stretching frequency of the coordination bond between the heme Fe atom and proximal histidine 
(His93) N atom (Fe-His), and the NMR shift of the His93 NH proton (His93NH shift) of the deoxy 
form of a hemoprotein have been used to determine the electronic nature of the His93 imidazole 
highly relevant to regulation of heme Fe reactivity.  The analysis of the Fe-His values and His93NH 
shifts of the deoxy forms of myoglobins reconstituted with artificial heme cofactors possessing 
strongly electron-withdrawing trifluoromethyl (CF3) group(s) as peripheral side chain(s) revealed that 
the bond between the heme Fe and His93 becomes stronger with increasing number of CF3 
substitutions due to an increase in acidity of the His93 NH hydrogen bonded to the carbonyl O atom 
of Leu89.  Thus, the study demonstrated that the electronic nature of the His93 imidazole in deoxy 




Myoglobin (Mb), an oxygen (O2) storage hemoprotein, is probably at present the best, albeit 
incompletely, understood metalloprotein in terms of its structure-function relationship[1-7]. In the 
heme active site of Mb[3,4], the proximal histidine (His93) imidazole is coordinated to a heme Fe 
atom as axial ligand, with its NH hydrogen bonded to the carbonyl O atom of Leu89 (His93-Leu89 
H-bond) (Figure 5-1), and O2 binds reversibly to the ferrous Fe atom on the side of the heme cofactor 
opposite to His93.  The O2 binding properties of the protein have been shown to be regulated through 
both the heme environment furnished by nearby amino acid residues and the intrinsic heme Fe 
reactivity[6-9].  I am interested in characterizing the electronic regulation of the intrinsic heme Fe 
reactivity through the heme electronic structure, particularly the electron density of the heme Fe atom 
(Fe).  In order to achieve this, I established a unique Mb system composed of proteins reconstituted 
with a series of chemically modified heme cofactors.  I introduced trifluoromethyl (CF3) group(s) 
into a heme cofactor as peripheral side chain(s), in order to greatly and systematically alter the Fe 
value, and such CF3 substitutions were suitable for minimizing the steric structural change of the 
protein associated with alteration of the heme electronic structure due to modification of the heme 
cofactor[8-11]. I have prepared proteins reconstituted with mesoheme(Meso), 3,8-dimethyldeuteroporphyrinato 
-iron(III)(3,8-DMD) [12,13], 13,17-bis(2-carboxylatoethyl)-3,8-diethyl-2,12,18-trimethyl-7-trifluoromethyl 
-porphyrinatoiron(III)(7-PF) [14], and 13,17-bis(2- carboxylatoethyl)-3,7-diethyl-12,18-trimethyl-2,8 
-ditrifluoromethylporphyrinatoiron(III)(2,8-DPF) [8], that is, Mb(Meso), Mb(3,8-DMD), Mb(7-PF), 
and Mb(2,8-DPF), respectively.  These heme cofactors differ in the numbers of CF3, CH3, and C2H5 
side chains, and the reconstituted proteins could be ranked as Mb(2,8-DPF) < Mb(7-PF) < 
Mb(3,8-DMD) ≈ Mb(Meso), in order of increasing Fe value (Figure 2-2) [8,9]. In addition, since 7-PF 
and 2,8-DPF can be considered as counterparts of Meso and 3,8-DMD, respectively, the effects of the 
substitution of one and two CF3 groups on the structural and functional properties of the protein could 
be inferred from the results of comparative studies on Mb(Meso)/Mb(7-PF), and 
Mb(3,8-DMD)/Mb(2,8-DPF), respectively.  Through the studies on these proteins, I revealed that the 
Fe value plays critical roles in the regulation of various functions of the protein, such as, O2 affinity, 
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discrimination between O2 and carbon monoxide (CO), and autoxidation, that is, spontaneous 
oxidation of the ferrous Fe state of the oxygenated protein into the ferric Fe one[8-11]. 
In this chapter, I characterized the effects of the CF3 substitutions on the heme active site structure 
in the deoxy form of Mb (deoxy Mb) in order to obtain a deeper understanding of the mechanism 
underlying the electronic regulation of the intrinsic heme Fe reactivity.  Among the physiologically 
active forms of the protein, deoxy Mb has been the least understood in terms of the molecular 
properties of its heme active site, despite its physiological importance [15-20].  I investigated the 
coordination bond between the heme Fe atom and His93N atom (Fe-His bond) in the deoxy Mbs on 
the basis of the stretching frequency of the Fe-His bond (Fe-His) determined by resonance Raman 
spectroscopy, and the shift of the NMR signal due to the His93NH proton (His93NH shifts).  In the 
protein, a decrease in the Fe value is likely to lead to enhancement of the electron donation of His93 
N to the heme Fe atom (His93→Fe donation), which in turn results in an increase in acidity of His93 
NH, and hence reinforcement of the His93-Leu89 H-bond.  Thus, the present study demonstrated 
that the electronic nature of the His93 imidazole in deoxy Mb is affected by electronic perturbation 
induced by chemical modification of the heme cofactor, and that a protein with a stronger Fe-His bond 
exhibits a lower O2 affinity. 
 
 
Figure 5-1.  Coordination structure of the heme Fe atom in deoxy Mb with hydrogen bonding 




MATERIALS AND METHODS 
Materials and protein samples.  All reagents and chemicals were obtained from commercial 
sources and used as received.  Sperm whale Mb was purchased as a lyophilized powder from 
Biozyme and used without further purification.  Mesoheme (Meso) was purchased from Frontier 
Scientiﬁc Co.  3,8-DMD [12,13], 7-PF [14], and 2,8-DPF [8] were synthesized as previously 
described.  The apoprotein of Mb (apoMb) was prepared at 4 °C according to the procedure of Teale 
[21], and reconstituted Mbs were prepared as described previously [8,10]. Deoxy Mb was prepared 
from metmyoglobin (metMb), which had been evacuated and flushed with N2 gas several times, by 
adding Na2S2O4 (Nacalai Chemicals Ltd.).  To prepare CO adduct of the protein (MbCO), metMb 
was reduced by adding Na2S2O4 in the presence of CO gas (Japan Air Gases), and then the protein was 
freed from excess reagents by passage through a Sephadex G-10 (Sigma-Aldrich Co.) column 
equilibrated with an appropriate buffer solution.  The 
2
H2O content of the samples was ~10%.  The 
pH of a sample was adjusted using 0.1 M NaOH or HCl.  The pH of each sample was measured with 
a Horiba F-22 pH meter equipped with a Horiba type 6069-10c electrode. 
 
Resonance raman spectroscopy.  Resonance raman scattering was performed with excitation at 
413.1 nm with a Kr
+
 laser (Spectra Physics, BeamLok 2060), dispersed with a polychromator (SPEX 
1877 or Ritsu Oyo Kogaku MC-100DG, both equipped with 1200 grooves/mm grating), and detected 
with a liquid nitrogen-cooled CCD detector (CCD-1024×256-OPEN-1LS, HORIBA Jobin Yvon or 
LN/CCD-1100-PB/VISAR/1, Roper Scientific) [22].  A laser power of 5 mW was used for the 
measurements.  Raman shifts were calibrated with indene and tetrachloromethane as frequency 
standards.  The accuracy of the peak positions of well-defined Raman bands was ±1 cm
−1
.  The 









F NMR spectra were recorded on a Bruker 
AVANCE-400 spectrometer operating at the 
1
H frequency of 400 MHz and a Bruker AVANCE-500 
spectrometer operating at the 
19





spectra consisted of about 20k transients with a spectral width of 100 kHz and 16k data points.  The 
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signal-to-noise ratio of the spectra was improved by apodization, which introduced 100 Hz line 









HO, as an internal reference, and trifluoroacetic acid as an external reference, respectively. 
 
RESULTS 
Stretching frequencies of the Fe-His bonds in deoxy Mbs.  I first determined the Fe-His values of 
native deoxy Mb, deoxy Mb(Meso), deoxy Mb(3,8-DMD), deoxy Mb(7-PF), and deoxy Mb(2,8-DPF). 
These proteins exhibited a well-resolved νFe-His band at ca. 220 cm
-1
 (Figure 5-2).  The νFe-His bands of 
deoxy Mb(3,8-DMD), deoxy Mb(7-PF), and deoxy Mb(2,8-DPF) have been unambiguously 




Fe,  which  resulted in the bands shifting by ca. +2 
cm
-1
 (Figures 5-3－5-5). The positions of the Fe-His bands of the proteins were determined through 
fitting with Voigt profiles, which are convolutions of Gaussian and Lorentzian functions (Figures 5-6
－5-10) [23], and the determined values are summarized in Table 5-1.  The Fe-His value of 221 cm
-1
 
determined for native deoxy Mb was essentially identical to the reported value, that is, 220 cm
-1 
[25].   
The Fe-His values of deoxy Mb(Meso), deoxy Mb(3,8-DMD), deoxy Mb(7-PF), and deoxy  
Mb(2,8-DPF) were determined for 221, 219, 223, and 223 cm
-1
, respectively (Table 5-1).  Thus, 
Fe-His differences (Fe-His) of 2 and 4 cm
-1
 were observed for the Mb(Meso)/Mb(7-PF) and 
Mb(3,8-DMD)/Mb(2,8-DPF) systems, respectively (Table 5-2), indicating that the Fe-His bond 
becomes stronger with increasing number of CF3 substitutions.  Thus the Fe-His values of the proteins 
were affected by the heme modifications. 
Fujii et al.[26] have demonstrated from detailed ESR studies of oxochromium(V) porphyrin 
complexes possessing various peripheral substituents that the introduction of electron-withdrawing 
group into the porphyrin strengthens the coordination bond between Cr(V) and axial ligand.  The 
effect of a change in the Fe value on the strength of the Fe-His bond demonstrated in this study is 








a Fe-His = Fe-His of i - Fe-His of j, where i and j are deoxy Mb(7-PF) and deoxy Mb(Meso), 
respectively, for the Mb(Meso)/Mb(7-PF) system, and deoxy Mb(2,8-DPF) and deoxy 
Mb(3,8-DMD), respectively, for the Mb(3,8-DMD)/Mb(2,8-DPF) one.
b His93NH = His93NH of i - His93NH of j, where i and j are the M forms of deoxy Mb(7-
PF) and deoxy Mb(Meso), respectively, for the Mb(Meso)/Mb(7-PF) system, and deoxy 
Mb(2,8-DPF) and deoxy Mb(3,8-DMD), respectively, for the Mb(3,8-DMD)/Mb(2,8-DPF) 
one.
Table 2.  Effect of CF3 substitutions on stretching frequencies of the Fe-His bond (Fe-His) 
and His93 NH





Table 5-2. Effect of CF3 substitutions on νF -His and His93NδH 
1
H NMR shifts of deoxy 
Mbs at pH 7.40 and 25°C 
a) Fe-His = Fe-His of i – Fe-His of j, where i and j are deoxy Mb(7-PF) and deoxy 
Mb(Meso), respectively, for the Mb(Meso)/Mb(7-PF) system, and deoxy Mb(2,8-DPF) 
and deoxy Mb(3,8-DMD), respectively, for the Mb(3,8-DMD)/Mb(2,8-DPF) one. 
b) His93NδH = His93NδH of i – His93NδH of j, where i and j are deoxy Mb(7-PF) 
and deoxy Mb(Meso), respectively, for the Mb(Meso)/Mb(7-PF) system, and deoxy 







8.2 ± 1.6d / 5.7 ± 1.1d
12 ± 3e / 9.4 ± 3e
8.3 ± 1.6d /  17 ± 3d
16 ± 3d /110 ± 22d
14 ± 3f /  12 ± 2f
0.38 ± 0.07d/0.048 ± 0.009d
0.16 ± 0.07e/0.024 ± 0.007e
0.32 ± 0.06d/0.032 ± 0.006d
0.69 ± 0.13d/0.036 ± 0.007d
0.51 ± 0.06f/0.019 ± 0.005f




















a The stretching frequency of the Fe-His bond in deoxy forms.
b The chemical shift of His93 NH in deoxy forms.
c The chemical shift of minor form of heme orientational disorder.
d Taken from ref. 8.
e Taken from ref. 9.
f Taken from ref. 46.
Table 1. Stretching frequencies of the Fe-His bond and His93 NH
1H NMR shifts of  deoxy Mbs at 
pH 7.40 and 25 ºC, and O2 and CO binding parameters for Mbs at pH 7.4 and 20 ºC.
Table 5-1. νFe-His values and His93NδH 
1
H NMR shifts of deoxy Mbs at pH 7.40 and 25℃, and 
O2 and CO binding paramerters for Mbs at pH7.4 and 20°C 
a) The stretching frequ ncy of the F -His bond in deoxy Mb. b) The chemical shift of His93NδH 
in deoxy Mb. c) The chemical shifts of minor form of heme orientational disorder. d) Taken 
from Ref. 8. e) Taken from Ref. 9. f) Taken from Ref. 24 
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Figure 5-2.  Visible resonance Raman spectra of deoxy Mb(Meso), deoxy 
Mb(3,8-DMD), deoxy Mb(7-PF), deoxy Mb(2,8-DPF), and native deoxy Mb at pH7.40 




Figure 5-3.  Visible resonance Raman spectra of deoxy Mb(3,8-DMD) at pH7.40 and 25°C. 




B: The expanded spectra, 170-270 cm
-1
, of natural abundance Fe 3,8-DMD (bottom), and 
54
Fe-labelled one (top), and an overlay of the two spectra (middle). 
Figure 5-4.  Visible resonance Raman spectra of deoxy Mb(7-PF) at pH7.40 and 25
 
°C. 
A: The spectra of the protein possessing natural abundance Fe (red) and 
54
Fe-labelled 7-PF (black). 
B: The expanded spectra, 170-270 cm
-1
, of natural abundance Fe 7-PF (bottom), and 
54
Fe-labelled 














B: The expanded spectra, 170-270 cm
-1
, of natural abundance Fe 2,8-DPF (bottom), and 
54
Fe-labelled 





Figure 5-6.  Visible resonance Raman spectrum of the deoxy form of Mb(Meso)  in 100 mM 
potassium phosphate buffer, pH 7.4, at 25°C.  Residual error (the difference between the 
experimental and theoretical values) (top), observed (blue) and simulated (red) Fe-N(His93) 
stretching frequency (νFe-His) bands (middle), and simulated individual bands (bottom).  The green 
line in the middle illustration is the baseline.  The wavenumber of 221 cm
-1
 was determined for 
the νFe-His value (Peak 0).  The origin of Peak 1 is unknown.  
 
Figure 5-7.  Visible resonance Raman spectrum of the deoxy form of Mb(3,8-DMD)  in 100 mM 
potassium phosphate buffer, pH 7.4, at 25°C.  Residual error (the difference between the 
experimental and theoretical values) (top), observed (red) and simulated (blue) Fe-N(His93) 
stretching frequency (νFe-His) bands (middle), and simulated individual bands (bottom).  The green 
line in the middle illustration is the baseline.  The wavenumber of 219 cm
-1
 was determined for 




Figure 5-8.  Visible resonance Raman spectrum of the deoxy form of Mb(7-PF)  in 100 mM 
potassium phosphate buffer, pH 7.4, at 25°C.  Residual error (the difference between the 
experimental and theoretical values) (top), observed (red) and simulated (blue) Fe-N(His93) 
stretching frequency (νFe-His) bands (middle), and simulated individual bands (bottom).  The green 
line in the middle illustration is the baseline.  The wavenumber of 223 cm
-1
 was determined for 
the νFe-His value (Peak 0). 
 
Figure 5-9.  Visible resonance Raman spectrum of the deoxy form of Mb(2,8-DPF)  in 100 mM 
potassium phosphate buffer, pH 7.4, at 25°C.  Residual error (the difference between the 
experimental and theoretical values) (top), observed (red) and simulated (blue) Fe-N(His93) 
stretching frequency (νFe-His) bands (middle), and simulated individual bands (bottom).  The green 
line in the middle illustration is the baseline.  Since the νFe-His value was expected to be about 220 
cm
-1, we attributed peak 1 to the νFe-His band.  The wavenumber of 223 cm
-1
 was determined for 




Figure 5-10.  Visible resonance Raman spectrum of the deoxy form of native Mb  in 100 mM 
potassium phosphate buffer, pH 7.4, at 25°C.  Residual error (the difference between the 
experimental and theoretical values) (top), observed (blue) and simulated (red) Fe-N(His93) 
stretching frequency (νFe-His) bands (middle), and simulated individual bands (bottom).  The green 
line in the middle illustration is the baseline.  The wavenumber of 221 cm
-1
 was determined for 




NMR signal of the His93 NH proton in deoxy Mbs.  I next observed the NMR signal of the labile 
His93NH proton in deoxy forms of the proteins, resolved in the far downfield-shifted region at ~80 
ppm (Figure 5-11).  The appearance of two His93NH proton signals in the spectrum of deoxy 
Mb(7-PF) is due to the well-documented heme orientational disorder [28], that is, the presence of 
isomers possessing two heme orientations differing by 180º rotation about the 5,15-meso axis, that is, 
M and m forms (see inset of Figure 4) [27,29]. It has been shown that the m isomer is dominant over 
the M one in Mb(7-PF) [27], while the M one dominates in Mb(Meso) [30], and proteins possessing C2 
symmetric heme cofactors, that is, 3,8-DMD and 2,8-DPF, do not exhibit the heme orientational 
disorder.  These proteins can be ranked as Mb(2,8-DPF) < Mb(7-PF) < Mb(3,8-DMD) < Mb(Meso), 
in order of increasing His93NH shift (Table 5-1). The order of the His93NH shift is essentially 
identical to that of the Fe value, that is, Mb(2,8-DPF) < Mb(7-PF) < Mb(3,8-DMD) ≈ Mb(Meso)[8,9], 
indicating a close relationship between the Fe-His bond in deoxy Mb and the Fe value.  A His93NH 
shift difference (His93NH) of -3.9 ppm was observed for the M form of the Mb(Meso)/Mb(7-PF) 






































Figure 5-11.  NMR signals of the His93NH protons of the deoxy proteins at pH 7.4 and 
25 °C, from bottom to top, deoxy Mb(Meso), deoxy Mb(3,8-DMD), deoxy Mb(7-PF), deoxy 
Mb(2,8-DPF), and native deoxy Mb, respectively.  Two different orientations of 7-PF 
relative to His93, m and M forms are shown in inset.  The two signals at 76.6 and 77.9 





F NMR spectrum of deoxy Mb(2,8-DPF).  Finally, the 
19
F NMR spectrum of deoxy Mb(2,8-DPF) 
is compared with that of deoxy Mb(7-PF) in Figure 5-12, the spectra of CO adducts of the proteins, 
that is, Mb(2,8-DPF)CO and Mb(7-PF)CO, being also shown for comparison.  Two well-separated 
signals were observed in each one of the spectra in Figure 5-12, and their shifts are summarized in 
Table 5-3.  The appearance of two signals in the spectra of Mb(2,8-DPF)CO and deoxy Mb(2,8-DPF) 
is due to removal of the chemical equivalence of the two CF3 groups of the heme cofactor, through 
asymmetric heme-protein interaction, in the heme active site, as has been reported for other C2 
symmetric heme cofactors [31,32].  On the other hand, as described above, the appearance of the two 
signals in the spectrum of Mb(7-PF) has been shown to be due to the heme orientational disorder (see 
inset of Figure 5-11) [27]. 
  Despite the difference in the origin of the signal splitting between deoxy Mb(2,8-DPF) and deoxy 
Mb(7-PF), the 
19
F NMR spectra of the two proteins shared common features such as a relatively small 
paramagnetic shift (para) for the high-spin ferrous heme complex in the S = 2 state, that is, para values 
of 5.39 – 31.23 ppm were estimated with consideration of the CO adducts of the corresponding 
proteins as diamagnetic references, and relatively great signal splitting, that is, 21.08 and 24.06 ppm 
for deoxy Mb(2,8-DPF) and deoxy Mb(7-PF), respectively (Table 5-3). These spectral features were 
consistent with the significant contribution of a  spin delocalization mechanism in the high-spin d6 
system due to the d-electron configuration derived from the 
5





































a The observed shift.
b The diamagnetic shits observed for MbCO(7-PF) and MbCO(2,8-DPF).
c The paramagnetic shits calculated using the equation obs= dia + para.
d The paramagnetic pseudo-contact shift.  The shifts were obtained from ref. 18.
e The paramagnetic contact shift.
f Taken from ref. 24.
Table 3.  Analysis of 19F NMR shifts (ppm) of deoxy
Mb(7-PF) and deoxy Mb(2,8-DPF) at pH 6.5 and 25 ºC.Table 5-3. Analysis of 
19
F NMR shifts (ppm) of deoxy Mb(7-PF) and deoxy 
Mb(2,8-DPF) at pH 6.5 and 25°C 
a) The observed shift. b) The diamagnetic shifts observed for MbCO(7-PF) and 
MbCO(2,8-DPF). c) T e paramagnetic shifts calculated using the equation δobs = 
δdia + δpara. d) The paramagnetic pseudo-co tact shift. The shifts were obtained from 
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F NMR spectra of (A) deoxy Mb(7-PF), (A´) MbCO(7-PF), (B) deoxy 
Mb(2,8-DPF), and MbCO(2,8-DPF) at 25℃ in 90% H2O/10% 
2
H2O at pH 6.5.  The 
orientations of 7-PF and 2,8-DPF relative to His93 are illustrated in the inset. Signal 
assignments are indicated in the spectra. The signal assingments for deoxy Mb(2,8-DPF) 




Ground state d-Electron configuration of the heme Fe atom in deoxy Mb and effect of a change 
in the Fe value on the Fe-His bond.  The ground state d-electron configuration of the heme Fe atom 
in deoxy Mb remains to be elucidated [16,19,33-35].  A theoretical model based on the crystal field 
calculations [33], as well as on molecular orbital calculations [34], has been proposed to determine the 
electronic structure of the high-spin ferrous heme complex in the S = 2 state.  According to the 
proposed model, among 210 possible states of the d
6
 configuration for the ferrous heme complex, the 












B2 or one of the 
5
E components as the ground 
state.  Investigations of the Mössbauer effect of deoxy Mb and deoxy Hb demonstrated that the 
ground state is one of the components of the 
5
E term split by rhombic distortions [35]. Since the 











(dxz)(dyz)(dz2)(dx2-y2), states for the high-spin d
6
 system with S = 2 are close in energy [16,33-35], 
the contributions of these electronic states to the electronic and magnetic nature of deoxy Mb have 
been shown to complicate data interpretation.  In the 
5
E state, the degeneracy of the energy levels for 
the two configurations is removed by the interaction between the heme Fe d-orbital and His93 N 
p-orbital and, depending upon the relative energy of the dxz and dyz orbitals,  spin delocalization 
occurs into either pyrroles I, III or II, IV (Figure 5-1) [16].  On the other hand, the non-degenerate 
5
B2 
state delocalizes twice as much spin density to the porphyrin -system and the delocalization occurs 
equally to all pyrroles because there are  electron spins in both the dxz and dyz orbitals.  The 
19
F 
NMR signals of deoxy Mb(2,8-DPF) exhibited relatively large signal splitting and relatively small para 
values for the high-spin d
6
 system with S = 2 (Table 5-3), and these spectral features were consistent 
with the  spin delocalization mechanism expected from the 5E ground stat [27].  With the d-electron 
configuration derived from the 
5
E ground state, the  and  donations of p electrons of the His93 N 
atom into the singly occupied the dz2 and d orbitals of the heme Fe atom, respectively (Fe←His  and 
 donation, respectively), contribute to the formation of the Fe-His bond, and hence the strengthening 
of the Fe-His bond with decreasing Fe value through the CF3 substitution(s), as manifested in the 
Fe-His values of 4 and 6 cm
-1
 observed for the Mb(Meso)/Mb(7-PF) and Mb(3,8-DMD)/Mb(2,8-DPF) 
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systems, respectively (Table 5-2), could be due to enhancement of both the Fe←His  and  
donations. 
 
Relationship between the resonance raman Fe-His value and the His93 NH 
1
H NMR shift.  A 
change in the Fe-His bond strength was clearly manifested in the His93NH shift (Table 5-2).  
Comparison of the Fe-His and His93NH values of the Mb(Meso)/Mb(7-PF) and 
Mb(3,8-DMD)/Mb(2,8-DPF) systems (Table 5-2) indicated that the His93NH shift decreases with 
increasing Fe-His bond strength.  The His93NH shift is expressed as the sum of the diamagnetic 
shift (dia) and para, and then para is expressed as the sum of the paramagnetic contact (c) and 
pseudo-contact shifts (pc).  The c and pc values reflect the unpaired electron density delocalized 
into the 1s orbital of the NH hydrogen, and the spatial relationship between the NH proton and the 
unpaired electron localized at the heme Fe atom, respectively [36].  Since the shift of the His93 NH 
proton signal of native MbCO, that is, 9.38 ppm [37], could be used as an appropriate dia value, and 
the pc value has been determined to be 3.10 ppm [19], values of ~61.2 - ~68.1 ppm were estimated for 
the c values of the proteins. These results clearly indicated that the c value dominates the His93NH 
shift.  The unpaired electrons of the heme Fe atom of deoxy Mb can be delocalized into the His93 
imidazole through the Fe-His  and  bonds (- and -delocalization, respectively) [19,36,38].  The 
delocalization of the positive spin of the unpaired electron through the - and -delocalization results 
in the net spin density of the opposite sign, that is, negative, and the positive spin on the His93N atom, 
respectively, and the spin on the His93N atom further delocalizes, through the  system of the 
imidazole ring, into the N atom, and then finally into the 1s orbital of the His93NH hydrogen, 
through  spin polarization. As a result, the positive spin is delocalized into the 1s orbital of the His93 
NH hydrogen through the -delocalization, whereas the negative spin is delocalized through the 
-delocalization. Thus, the c value for the His93NH shift is determined as the difference between the 
- and -delocalization, and hence the large positive c values indicated that the -delocalization 
dominates over the -delocalization, as pointed out previously [19]. 
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The strength of the Fe-His bond is affected by steric and electronic factors [39]. La Mar and de 
Ropp [39] demonstrated, in a study involving horse radish ferrous peroxidase, where the proximal His 
NH proton shift is greatly affected by the hydrogen bond between the NH proton and a protein 
acceptor residue through its effect on the delocalization of the unpaired electron along the N-H bond, 
and that simultaneous consideration of changes of the Fe-His value and the axial His NH proton shift 
enables differentiation of the steric and electronic influences on the Fe-His bond. In the case of deoxy 
Mb, the delocalization of the unpaired electron from the N atom to the 1s orbital of the NH hydrogen 
decreases with increasing strength of the His93-Leu89 H-bond because the interaction between the 
NH hydrogen and the unpaired electron density on the His93 imidazole ring is hampered by 
enhancement of polarization of the charge in the N-H bond. Furthermore, a change in the strength of 
the His93-Leu89 H-bond also influences the Fe-His bond strength in such a manner that the Fe-His 
bond becomes stronger with increasing His93-Leu89 H-bond strength because of enhancement of the 
Fe←His  donation. Consequently, the strengthening of the Fe-His bond through an increase in the 
His93-Leu89 H-bond strength results in an increase in the Fe-His value and, inversely, a decrease in the 
His93NH shift [39]. Thus, combined analysis of the Fe-His values and the His93NH shifts of the 
proteins clearly demonstrated that the His93-Leu89 H-bond is strengthened with increasing number of 
CF3 substitutions. 
In the case of deoxy Mb(7-PF), the His93NH shift of the m isomer was larger by 1.3 ppm relative 
to that of the M one (Figure 5-11 and Table 5-1). In the absence of detailed knowledge about their dia 
and pc values as well as the relative contributions of the - and -delocalization to their c ones, it is 
not possible at present to interpret the His93NH shifts of the m and M forms of the protein in terms of 
the Fe-His bond. By the way, assuming a linear relationship between the His93NH and Fe-His 
values of the proteins, the His93NH value of 1.3 ppm is accounted for by the Fe-His value of ~1 
cm
-1
, and the line width of the Fe-His band was large enough to make detection of the individual bands 





Functional consequences of a change in the Fe-His bond strength through the Fe value.  The 
nature of the axial Fe-His bond is thought to play a crucial role in functional control of hemoprotein 
[2,39,40].  The study demonstrated that the Fe-His bond is affected by an electronic interaction 
among the heme -system, heme Fe atom, and Fe-bound imidazole hydrogen bonded to a protein 
acceptor residue.  Hence, this finding confirmed the proposal that the strength of the Fe-His bond can 
be modulated indirectly by the hydrogen bond between Fe-bound imidazole and a protein acceptor 
residue [39-46].  Since the strengthening of the Fe-His bond upon CF3 substitutions is due to 
enhancement of the Fe←His donation, an increase in Lewis acidity of the heme Fe atom with 
decreasing Fe value is expected to increase the O2 and CO association rate constants (kon(O2) and 
kon(CO), respectively).  In contrast to this expectation, the kon(O2) and kon(CO) values were not 
largely affected by the CF3 substitutions(Table 5-1). These results supported that the rate-determining 
step for O2 and CO binding of the protein is ligand entry from the solvent [47].  In contrast, the O2 
dissociation rate constant (koff(O2)) was largely affected by a change in the Fe value, whereas the CO 
dissociation one (koff(CO)) was essentially independent of the Fe value.  Thus the electronic control 
of not only the O2 affinity, but also the O2/CO discrimination of the protein is primarily achieved 
through the effect of a change in the Fe value on the koff(O2) one, as described previously [8,9]. 
  Matsukawa et al.[40] investigated the relationship between the Fe-His value and the Adair constant 
accounts for the average affinity of tetrameric hemoglobin (Hb) as to binding of the first O2, usually 
abbreviated as K1, of various naturally occurring mutant deoxy Hbs possessing a variety of O2 
affinities.  They found that the K1 value decreases, and hence the O2 affinity of the protein increases 
with increasing Fe-His value, and the relationship between the O2 affinity and the Fe-His value of the 
proteins has been explained in terms of the effect of the strain imposed on the Fe-His bond by the 
protein moiety on the heme Fe reactivity.  In contrast, I found that Mb with a stronger Fe-His bond 
exhibits a lower O2 affinity(Table 5-1), and that the heme Fe reactivity in the protein is regulated 
through an electronic interaction among the heme -system, heme Fe atom, and Fe-bound imidazole.   
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CONCLUSION   
The Fe value affected the electronic nature of His93 imidazole in beoxy Mb. A decrease in Lewis 
acidity of the His93 NH hydrogen bonded to the carbonyl O atom of Leu89 with decreasing the Fe 
value enhanced the coordination bond between the heme Fe atom and His93. These findings 
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1. The stretching frequency of Fe-bound CO(νCO) reflects the heme environment furnished nearby 
amino acid residues and heme electronic structure through the resonance between the two canonical 
forms of the Fe-CO fragment, represented by the valence bond formalism. Additionally, the effect of 
the heme modification on the electron density of the heme Fe atom(ρFe) is independent of the heme 
environment. 
 
2. Function of myoglobin(Mb) is controlled through the effect of a change in the ρFe value, which can 






-like species. A 
decrease in the ρFe value inhibits electron transfer from heme Fe atom to bound O2, resulting in a shift 
of the resonance toward the Fe
2+
-O2 species. Since O2 dissociation from the heme Fe atom is thought 
to occur only at the Fe
2+





-like species. Shift of the resonance toward the Fe
2+
-O2 species with decreasing the ρFe value 
should cause an increase in the O2 dissociation rate and an decrease in autoxidation reaction rate, and 
vice versa. On the other hand, CO affinity is affected by both the heme environment furnished nearby 
amino acid residues and electronic tuning of the intrinsic heme Fe reactivity through the ρFe value. 
Using the chemical modification of heme cofactors and the replacement of amin acid residues in heme 
pocket, the ratio between the equilibrium constants for CO and O2 binding in the protein can be 
regulated over a range of ～105. 
 
3. The bond between the heme Fe and His93 becomes stronger with increasing number of CF3 
substitutions due to an increase in acidity of the His93 NδH hydrogen bonded to the carbonyl O atom 
of Leu89 in deoxy Mb. The heme Fe reactivity in the protein is regulated through an electronic 
interaction among the heme -system, heme Fe atom, and Fe-bound imidazole. 
141 
 
List of publication 
 
1. Shibata, T.; Matsumoto, D.; Nishimura, R.; Tai, H.; Matsuoka, A.; Nagao, S.; Matsuo, T.; Hirota, S.;  
Imai, K.; Neya, S.; Suzuki, A.; Yamamoto, Y. Inorg. Chem.2012, 51, 11955-11960. 
2. Nishimura, R.; Shibata, T.; Tai, H.; Ishigami, I.; Ogura, T.; Nagao, S.; Matsuo, T.; Hirota, S.; Imai, 
K.; Neya, S.; Suzuki, A.; Yamamoto, Y. Inorg. Chem. 2013, 52, 3349-3355. 
3. Nishimura, R.; Shibata, T.; Ishigami, I.; Ogura, T.; Tai, H.; Nagao, S.; Matsuo, T.; Hirota, S.; Shoji, 
O.; Watanabe, Y.; Imai, K.; Neya, S.; Suzuki, A.; Yamamoto, Y. Inorg. Chem., 2014, 53, 1091-1099. 
4. Nishimura, R.; Matsumoto, D.; Shibata, T.; Yanagisawa, S.; Ogura, T.; Tai, H.; Matsuo, T.; Hirota, 
S.; Neya, S.; Suzuki, A.; Yamamoto, Y. Electronic Control of Ligand-Binding Preference of a 
Myoglobin Mutant., Inorg. Chem. 2014, 53, 9156-9165. 
5. Nishimura, R.; Shibata, T.; Tai, H.; Ishigami, I.; Yanagisawa, S.; Ogura, T.; Neya, S.; Suzuki, A.; 
Yamamoto, Y. Bull. Chem. Soc. Jpn. 2014, 87, 905 - 911. 
6. Saito, K.; Tai, H.; Fukaya, M.; Shibata, T.; Nishimura, R.; Neya, S.; Yamamoto, Y. J. Biol. Inorg. 










 国立長岡工業高等専門学校物質工学科 教授 鈴木秋弘 先生には、本研究を遂行するにあたり欠かす
ことのできないフッ素化ヘムを合成、提供して戴きました。深く感謝し御礼申し上げます。 
 奈良先端技術大学院大学物質創成科学研究科教授 廣田俊 先生、准教授 松尾貴史 先生には、反応速
度測定において、大変お世話になりました。深く感謝し御礼申し上げます。また、研究室の方々にも大
変良くしてもらい、とても感謝しております。 
 兵庫県立大学大学院生命理学研究科 教授 小倉尚志 先生、柳沢幸子 先生には、共鳴ラマンスペクト
ルの測定において、大変お世話になりました。深く感謝し御礼申し上げます。また、研究室の方々にも
大変良くしてもらい、とても感謝しております。 
 千葉大学大学院薬学研究院 教授 根矢三郎 先生には、本研究を遂行するにあたり欠かすことのでき
ないヘムを合成、提供して戴きました。深く感謝し御礼申し上げます。 




本学数理物質系化学域 特任助教 柴田友和 先生には、研究生活で暖かいご助言とご指導をしていた
だき、楽しい研究生活を送ることができました。心より感謝し、御礼申しあげます。 
 
本学数理物質科学研究科博士前期課程 1年 木下真志くん、盛高佑貴くん、研究生 許力揚くん、本学




筑波記念病院 小林 先生、福岡大学大学病院 向坂 先生の懸命な治療と皆様からの病気への理解、温か
い支援のおかげで日常生活を送れるまで回復いたしました。ほんとうにありがとうございました。 
 
 最後に、勉学に励む上で恵まれた環境を与えてくれた筑波大学、そして筑波大学への進学から九年間、
多くのサポートや激励をくれた父、母、妹、祖母、支えてくれた全ての人に感謝いたします。本当にあ
りがとうございました。 
2015年 2月 
